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SECTION  I 
INTRODUCTION 


This  report  presents  the  status  of  work  accomplished  on  contract 
F33615-76-C-5024,  "Exploratory  Development  on  Sflfcon  Material  for  LADIR, " during 
the  period  of  1 August  1975  to  30  September  1977.  rThis  report  contains  a background 
description  of  the  program,  an  evaluation  of  test  approaches,  test  results,  and  a 
description  of  the  process  which  has  been  developed  to  produce  silicon  material  which 
meets  the  requirements  of  the  contract.  Where  applicable,  these  subjects  are  dis- 
cussed under  the  following  tasks: 


Task  I,  Purification  of  Intrinsic  Silicon 

Task  n.  Growth  of  Doped  Silicon  Crystals 

Task  m.  Crystal  Material  Evaluation 

Task  IV,  Definition  of  Growth  Process 

A major  conclusion  of  the  program  is  that  the  most  suitable  counter  dopant  for 
the  residual  boron  concentration  is  antimony  (Sb).  This  impurity  has  characteristics 
that  are  compatible  with  the  other  impurities  in  the  material  and  remains  stable 
during  the  on-chip  microelectronics  processing.  In  addition,  it  is  easy  to  introduce 
into  the  silicon  ingot  during  the  doping  process  and  distributes  evenly  over  the  bulk. 

Advanced  test  methods  utilizing  infrared  measurement  techniques  were  develo 
and  used  to  determine  the  residual  boron  content  and  the  effectiveness  of  the  accom- 
plished compensation  of  the  silicon  crystal  material.  The  most  critical  steps  of 
the  material  growth  process  were  the  initial  materials  purification  and  the  accurate 
evaluation  of  the  residual  boron  concentration  in  order  to  closely  compensate  it  by 
counter  doping. 

1.1  BACKGROUND  AND  DISCUSSION 

The  main  objective  of  the  LADIR  program  is  the  development  of  low  cost  arrays 
for  the  detection  of  infrared  radiation  in  the  8 to  14  pm  wavelength  band.  A further 
objective  is  the  achievement  of  batch  processing  of  the  detectors,  signal  processing 
electronics,  and  interconnects  between  the  detectors  anc!  the  electronics.  Lower 
array  costs,  increased  array  performance,  and  significant  reductions  in  size  and 
power  will  also  be  realized.  Further,  by  eliminating  the  manual  process  for  making 
electrical  connections  and  by  using  redundant  signal  flow  paths,  permitted  by  the 
adoption  of  integrated  circuitry  techniques,  greater  array  reliability  is  predicted. 

Silicon  doped  detectors  have  been  fabricated  and  used  at  Autonetics  for  both 
high  and  low  background  applications.  Systematic  studies  carried  out  with  a variety 
of  dopants  have  revealed  no  preferred  crystal  orientation  which  optimizes  detector 
performance.  However,  MOSFET  devices  and  CCD's  (charge  coupled  devices)  art 
influenced  by  the  orientation  of  the  silicon  substrate  on  which  they  are  formed. 


Their  best  performance  is  obtained  when  they  are  fabricated  on  {lOO^  oriented  substrates. 
This  orientation  provides  the  minimum  concentration  of  surface  states  and  thereby 
minimum  threshold  voltages  and  reduced  noise  associated  with  surface  state  transi- 
tions. Since  LADIR  will  utilize  detectors  in  conjunction  with  MOSFET  and/or  CCD 
components,  the  preferred  wafer  orientation  is  in  the  <100>  direction. 

Gallium  is  a leading  candidate  for  providing  the  required  infrared  sensitivity  in 
the  8 to  14  pm  band.  Accordingly,  the  development  of  controlled  growth  of  gallium 
doped  silicon  provides  the  best  potential  as  starting  material  for  use  on  the  LADIR 
program. 

1.2  PROBLEM  AREAS 

There  are  three  main  problems  inherent  in  producing  high  quality  gallium  doped 
silicon  crystals  for  the  8 to  14  pm  wavelength  band.  These  problems  are:  (1)  mini- 
mizing the  residual  boron,  (2)  achieving  optimum  compensation  of  residual  boron, 
and  (3)  controlling  the  doping  of  the  single  crystal  to  the  desired  gallium  concentra- 
tion. These  problems  must  be  solved  consistent  with  a full  integrated  device  fabrica- 
tion process. 

1 3 PROPERTIES  OF  EXTRINSIC  DETECTORS  AND  THEIR  EFFECT  UPON 
MATERIAL  CHARACTERISTICS 

Photoconductivity  processes  involve  the  transition  of  electrons  between  different 
energy  states  in  the  crystal.  They  involve  the  absorption  of  energy  from  photons 
which  excite  charge  carriers  from  a non-conducting  ground  state  to  a higher  energy 
conducting  state,  thereby  contributing  to  the  electrical  conductivity. 

Intrinsic  photoconduction  occurs  when  electron-hole  pairs  are  generated  by 
photoexciting  carriers  across  the  intrinsic  band  gap,  i.e. , from  the  valence  to  the 
conduction  band. 

Extrinsic  photoconduction  occurs  when  carriers  are  optically  excited  from 
energy  sites  within  the  forbidden  band  to  either  the  conduction  or  the  valence  band. 

Impurity  atoms,  added  to  the  host  material,  introduce  the  required  donor  or  acceptor 
sites  for  extrinsic  photoconduction.  In  an  n-type  extrinsic  photoconductor,  electrons 
are  photo-excited  from  donor  atoms  to  the  conduction  band.  In  a p-type  extrinsic 
photoconductor,  holes  are  photo-excited  from  the  acceptor  atoms  to  the  valence  band. 

Extrinsic  photoconductivity  results  only  in  majority  carrier  conduction;  the  opposite 
charge  is  fixed  at  the  ionized  donor  or  acceptor  sites.  This  is  contrasted  to  intrinsic 
photoconductivity  where  the  photo-excited  electron  and  hole  are  both  free  to  conduct. 

The  host  material  in  this  program  is  silicon.  The  dopant  for  the  LADIR  material 
is  gallium,  an  acceptor  with  an  ionization  energy  of  about  0.07  eV.  The  ionization 
energy  is  the  characteristic  energy  which  determines  the  minimum  energy  a photon 
must  have  to  generate  photoconductivity.  This  threshold  energy  determines  the  long 
wavelength  cutoff  as: 


(1) 


where 


A is  the  long  wavelength  cutoff  (micrometers) 
c 

E is  the  ionization  energy  (electron  volts). 

a 

The  characteristics  of  extrinsic  detectors  are  determined  by  the  types  and 
concentrations  of  impurities  in  the  detector  material.  Controlled  impurities  are 
added  to  tailor  the  characteristics  of  the  detector  to  meet  specific  objectives.  In 
addition  to  the  impurity  (also  called  dopant)  added  in  a controlled  manner,  a residual 
impurity  (boron)  remains  in  the  silicon,  even  after  multiple  vacuum  zone  passing. 

This  vacuum  zone  passing  process,  which  precedes  the  doping  process,  is  per- 
formed to  purify  the  silicon.  In  this  process,  most  impurities  are  swept  to  the  upper 
end  of  the  crystal,  thus  purifying  the  bulk  of  the  crystal.  The  only  remaining  impurity 
resisting  this  purification  process  is  boron. 

The  maximum  operating  temperature  of  an  extrinsic  detector  is  determined  by 
its  impurity  content.  If  the  temperature  is  too  high,  thermal  ionization  of  the 
impurities  results  in  an  excessive  dark  current,  rendering  the  material  useless  as 
an  optical  detector.  Boron  has  a lower  ionization  energy  than  gallium;  therefore,  if 
boron  is  present,  the  detector  cooling  requirements  can  be  more  severe  than  would 
otherwise  be  the  case.  Although  boron  atoms  cannot  be  completely  removed,  they 
can  be  rendered  inactive  by  the  addition  of  an  n-type  compensating  impurity  in  a 
concentration  equal  to  Ng.  This  leaves  the  boron  impurities  in  an  ionized  state 
without  introducing  free  carriers  (holes).  Thus,  for  a fully  compensated  material, 

Nc  = Njj,  where  Np  is  the  concentration  of  compensating  impurities  and  NR  is  the 
boron  concentration.  B 

A brief  theoretical  treatment  of  a detector  is  given  here  and  illustrates  the 
requirement  for  residual  impurity  control.  The  input  to  an  extrinsic  detector  is 
radiant  power;  the  output  is  an  electrical  current.  The  ratio  between  output  and 
input  is  the  responsivity.  For  more  detailed  discussions  of  the  extrinsic  detector 
response  models,  see  Ref.  1 through  5. 

The  responsivity  of  a photoconductor  at  wavelength.  A,  is: 


= 0. 806  r}GA  amp/watt  (2) 
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(p 


where 

q is  the  electron  charge 

he  is  the  product  of  Planck's  constant  and  the  velocity  of  light 
f)  is  the  detector  quantum  efficiency 
X is  the  wavelength  in  micrometers 
G is  the  photoconductive  gain. 

The  photoconductive  gain  is  given  by: 

G <3) 

JLi 


where 

p is  the  mobility  of  the  free  carriers 
r is  the  lifetime  of  the  photo-excited  carriers 


E is  the  applied  electric  field 
L is  the  interelectrode  spacing. 


For  simplicity  consider  the  case  of  a crystal  containing  gallium  dopant  at 
concentration  N,  residual  boron  at  concentration  Nb.  and  compensating  donor  at 
concentration  Nd»  The  boron  is  assumed  fUlly  compensated  so  that  N » ND  > Nb- 
Very  low  photon  flux  levels  and  temperatures  below  those  for  significant  ionization 
are  also  assumed. 

The  quantum  efficiency  for  a detector  with  parallel  front  and  rear  surfaces 
separated  by  a distance,  d,  along  the  path  of  the  incident  radiation  is  given  by: 


(1  - R)  [1  - exp  (-2ord)l 
' 1 - R exp  (-2o-d) 


(4) 


where 

R is  the  front  surface  reflectance  of  silicon  equal  to  0.31;  the  back  surface 
reflectance  is  assumed  large  t*l 

a is  the  absorption  coefficient  associated  with  photoconductivity. 

The  absorption  coefficient  is  given  by: 


where 


o^  is  the  cross  section  for  photoconductive  absorption 

Nc  = - N0  is  the  concentration  of  gallium  which  is  compensated. 

The  lifetime  of  the  photo-excited  carriers  in  a photo  conductor  with  one  excitable 
impurity  is  given  by: 

r=l/|BNc)sec  (6) 

where  B is  the  recombination  coefficient. 

The  recombination  coefficient  is  given  by: 

_ 3-1 

B = <oR  • v>cm  sec  (7) 

where 

Og  is  the  recombination  cross-section 
v is  the  velocity  of  the  free  carrier 
< > denotes  an  average  over  velocity. 

If  or  is  independent  of  velocity  and  the  velocity  distribution  is  Maxwellian,  then: 


where 


(8) 


m*  is  the  effective  mass  of  the  charge  carriers 
k is  the  Boltzmann's  constant 
T is  the  absolute  temperature. 

Finally,  if  the  mobility  of  the  charge  carriers  is  limited  by  scattering  by 
ionized  impurity  centers,  which  in  the  photoconductive  temperature  domain  is 
frequently  the  case,  the  mobility  is  given  by: 


2 —1  -1 

H a-2R cm  volt  800 


(9) 


where  K is  a constant  of  proportionality. 


( 


Equations  (6)  and  (9)  show  reciprocal  dependence  of  both  mobility  and  lifetime 
on  the  concentration  of  compensating  impurities.  Since  the  concentration  of  the 
residual  p-type  impurities  (boron  in  this  case)  determines  the  requirements  for 
compensation,  it  can  be  seen  that  the  control  of  these  residual  impurities  is  impor- 
tant if  the  responsivity  which  depends  on  mobility  and  lifetime  (see  Eq  (2)  and  (3))  is 
to  be  made  large. 

As  the  detector  responsivity  is  increased,  the  detector  signal  and  noise  will 
rise.  When  the  responsivity  is  sufficiently  high,  the  detectivity  of  the  system  will 
become  limited  by  the  detector  self-noise  rather  than  by  load  resistors,  preampli- 
fiers, or  spurious  noise  sources.  The  detectivity  at  peak  wavelength  under  this 
circumstance  for  a well  behaved  semiconductor  detector  is  given  by: 


D*  . = 
pk 


2.52  xl018\  .-Jv 

EiL 


" -i  l/2 

'( 4.84  x 1030  aWB(mVm>3/2T3/2  qb 


„ 1/2  -1 
cm  Hz  w 


(10) 


where,  in  addition  to  previously  defined  quantities, 


pk 


is  the  photoconductive  absorption  cross-section  at  peak 
wavelength  in  units  of  10“15  cm^ 


(m*/m)  is  the  density  of  state  effective  mass  ratio  of  the  free  charge  carriers 
a(i?) 


g 


<AE) 


Q 


B 


is  a function  defined  by  a(rj)  =ad/rj  which  is  a property  of  the  host 
silicon  material  and  is  of  the  order  of  unity 

is  the  degeneracy  of  the  ground  state  of  the  impurity  and  is  also  of 
the  order  of  unity 

is  the  extrinsic  impurity  (dopant)  activation  energy 
is  the  background  radiation  flux  density. 


If  the  detector  temperature  is  low  enough  and  the  background  high  enough,  Qb  is  the 
dominant  term  in  the  denominator  of  Eq  (10).  Under  these  conditions,  Eq  (10)  reduces 
to  the  well  known  expression  for  background  limited  detectivity  (the  BLIP  condition): 


D*pk(BLIP)  2* 52  X 10  X 


*[X] 


1/2 


cm  Hz1^2  w * 


(ID 


This  applies  to  all  extrinsic  detectors  and  has  been  found  to  agree  closely  with  experi- 
mental data  obtained  on  extrinsic  germanium  detectors  as  well  as  on  extrinsic  silicon 
detectors,  such  as  Si:In,  Si:Ga,  Si:S,  Si:As,  Si:Bi,  and  Si:A£. 
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It  is  useful  to  determine  the  temperature  at  which  a detector  goes  from  a 
background  limited  detectivity  condition  to  one  limited  by  temperature.  This 
temperature  can  be  obtained  approximately  by  setting  equal  the  two  terms  in  the 
denominator  of  Eq  (10)  and  solving.  This  yields: 

T_  5.037  x 10**  (AE) 

"log  (A/QB)  +1.50  log  T * 


where 


_ 2.36  x 1030  a(tpB(m*/m)3/2 

V* 

The  background  radiation  flux  density  is  given  approximately  by 


Qb  = sin*  (0/2) 


/ 
J o 


1/2 


Qt(X)  dX  (ph  cm-2  sec-1) 


(12) 


(13) 


where 


0 is  the  angle  subtended  by  a circular  field-of-view  of  the  background  at 
the  detector 

Q^(X)  is  the  Planck's  blackbody  photon  spectral  density  function 

Xj/2  is  the  cutoff  wavelength  of  the  detector. 

Appendix  A contains  a detailed  theoretical  analysis  showing  the  relations 
between  detector  temperature,  flux  level,  and  compensating  impurity  concentration. 
Figures  1 and  2 summarize  the  results  obtained  from  the  analysis.  From  Figure  1, 
it  can  be  seen  that  for  high  background  conditions  (0  ~ 101 ' ph/cm2  sec),  the  donor 
concentration  level,  Nd,  is  not  important.  Detectivity  D*,  at  high  background  is 
independent  of  detector  temperature  (T  < 30°  Kl  for  values  of  Nd  up  to  1014  Cm-3. 
For  low  background  conditions  (0  ~108  ph/cm2  sec),  D*  is  strongly  temperature 
dependent  at  low  donor  concentrations  and  less  temperature  sensitive  for 
Nd  % 1013  cm-3. 

In  comparing  theoretical  D*  values  with  practical  measurements  it  should  be 
kept  in  mind  that  limits  are  set  on  the  maximum  value  of  D*  by  both  material  purity 
and  other  sources  of  system  noise  (e.g. , amplifier  noise).  The  shaded  area  of  Fig- 
ure 1 marks  the  region  of  donor  concentration  that  is  accessible  to  detectors  at  the 
present  state  of  the  art.  The  optimum  choice  for  Nd  would  involve  a tradeoff  study 
among  responsivity,  operating  temperature,  amplifier  noise  and  other  systems 
parameters. 
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Figure  1.  Detectivity  vs  Donor  Concentration 
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Figure  2.  Detectivity  vs  Temperature 
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1 A SILICON  POLYCRYSTAL  FABRICATION 


Polycrystalline  silicon  is  the  starting  material  for  the  single  crystal  produced 
by  the  Czochralsld  and  float  zoning  techniques.  Polycrystalline  rods  are  fabricated  by 
a chemical  reaction  in  which  a gaseous  silicon  compound  is  purified  by  fractional 
distillation  and  then  decomposed  to  form  the  polysilicon.  A major  goal  in  the  process 
is  to  reduce  the  boron  content  to  the  minimum.  Gaseous  trichlorosilane  (SitClsH) 
used  in  this  process,  provides  the  possibility  of  reducing  the  boron  content  to  less 
than  0. 02  ppb  (parts  per  billion)  or  10*2  atoms  cm-3. 

IB  BORON  LIMITATION  ON  IR  SILICON  DETECTORS 

Extrinsic  impurity  doped  silicon  detectors  operate  at  low  temperatures  where 
the  detector  becomes  a near-insulator,  because  the  free  charge  carriers  are  frozen 
out.  In  the  presence  of  infrared,  some  of  the  trapped  charge  carriers  are  freed  to 
provide  a photoconductive  response. 

The  responsivity  of  these  detectors  is  proportional  to  the  product  of  lifetime 
and  mobility  of  the  charge  carriers  (holes  in  the  case  of  Si:Ga)  generated  by  the 
absorption  of  infrared  radiation.  At  low  temperatures,  electrons  introduced  by 
donor  impurities  will  preferentially  populate  any  shallow  acceptor  states  like  boron, 
leaving  all  donors  in  a positive  charge  state.  The  concentrations  of  positively 
charged  donors  and  negatively  charged  acceptors  will  be  numerically  equal.  The 
major  reason  for  adding  compensating  donors  is  to  ionize  boron  atoms  without  adding 
thermally  generated  holes  to  the  dark  current.  However,  if  there  is  an  excess  of 
donors  (Ng  > Ng),  some  electrons  will  also  populate  gallium  acceptor  states.  Thus, 
overcompensation  will  be  detrimental  to  both  the  hole  lifetime  and  hole  mobility 
while  not  increasing  the  maximum  detector  operating  temperature  (see  Eq  (6)  and  (9)). 


SILICON  MATERIAL  DEVELOPMENT  FOR  LADIR 


This  section  details  the  technical  considerations  and  processing  steps  required 
for  the  development  of  high  quality  gallium-doped  silicon  crystals  for  use  in  high  per- 
formance silicon  detectors  with  maximum  responsivity  in  the  8 to  14  pm  spectral 
region.  Specific  processing  steps  include  methods  to  control  the  quality  of  purchased 
material,  purification  of  the  starting  material,  single  crystal  perfection,  control  of 
compensation,  and  well  defined  control  of  the  gallium  dopant  in  the  final  product. 

Information,  for  optimizing  each  processing  step  and  the  final  results,  was 
obtained  through  comprehensive  record  keeping.  This  permitted  the  comparison  of 
measurements  taken  at  various  points  in  the  process.  All  processing  steps  were 
established  in  a repeatable  manner  and  were  completely  documented.  The  resultant 
process  is  reported  in  Section  m.  Definition  of  the  Growth  Process. 

2.1  TASK  I - PURIFICATION  OF  INTRINSIC  SILICON 

The  performance  of  a solid-state  device  depends  largely  upon  the  quality  of  the 
material , whose  purity  and  crystallographic  perfection  are  the  two  most  important 
* factors.  The  crystallographic  orientation,  the  impurity  distribution,  and  the  disloca- 
tion density  are  material  characteristics  determined  by  the  crystal  growth  process . 

2.1.1  Float  Zone  Technique 

The  vertical  float  zone  method  was  chosen  for  the  crystal  growth  process.  All 
major  Impurities  are  removed  by  float- zone  refining  with  the  exception  of  boron. 
Residual  boron  presents  a specific  problem  in  the  silicon  material  preparation  and 
represents  the  present  limitation  in  silicon  purity.  The  primary  advantage  of  the 
float  zone  technique  lies  in  the  absence  of  many  of  the  sources  of  contamination  which 
are  present  in  other  crystal  growing  processes.  Since  the  silicon  surface  effectively 
serves  as  a crucible  for  its  own  melt,  crucible  contamination  is  avoided.  Since  the 
heating  is  performed  by  a radio  frequency  induction  coil , the  only  part  of  the  crystal 
growing  apparatus  that  is  hot  is  the  silicon  itself.  Growing  in  vacuum  or  inert  gas 
Isolates  the  silicon  from  atmospheric  contamination  and  permits  selective  impurity 
outgassing  (see  Figure  3). 

The  two  vertical  float  zoners  (vacuum  and  gas)  model  number  VZ  A3*  used  at 
Rockwell  were  designed  to  grow  single  silicon  crystals  with  a diameter  of  0. 5 to 
1 inch  and  a maximum  boule  length  of  18  Inches . The  dimensions  of  the  crystal 
growth  chamber  are  12  Inches  wide  by  8 inches  deep  by  26  inches  high.  The  chamber 
walls  are  water  cooled  steel  panels.  The  coil  transport  has  two  speed  ranges:  high, 
for  crystal  growth  up  to  1 to  5 inches  (25  to  125  mm)/min  and  low,  for  crystal 
growth  from  0.06  inch  (1.5  mm)/min  to  0.24  inches  (6  mm) /min.  Power  demands 
due  to  crystal  diameter  changes  are  used  for  diameter  control.  These  power  change 
demands  are  corrected  by  an  automatic  stretch  and  squeeze  mode  which  slightly  alters 
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Figure  3.  Principle  of  Vertical  Float  Zoning 

the  configuration  of  the  acne  and  adjusts  the  coupling  between  the  molten  silicon  and 
the  coil.  Radio  frequency  power  is  supplied  by  a 5 kW  Siemens  generator. 


The  purity  of  polysilicon  may  be  characterised  by  the  purity  of  single  crystals 
soned  from  the  polysilicon.  A basic  assumption  is  that  no  impurity  is  added  during 
the  sone  passing. 

High  quality  polycrystalline  silicon  is  purchased  from  Dow  Corning*  with  an 
impurity  content  of  less  than  0.4  ppb  donors  (mainly  phosphorus)  and  0.02  ppb 
acceptors  (mainly  boron).  The  polycrystalline  silicon  is  characterized  by  the 
supplier  as  to  acceptor  (p-type)  and  donor  (n-type)  concentrations. 

The  siqjplier  checks  the  purity  of  the  polys ilioon  by  zoning  a rod  by  the  1-2-3- 7 
pass  method.  A diagram  of  a 1-2-3- 7 test  crystal  is  shown  in  Figure  4.  After  the 
single  crystal  seed  is  connected  with  the  molten  end  of  the  rod,  the  molten  zone  moves 
upward  as  the  coil  advances  at  a constant  speed.  Elements  from  Groups  m and  V 
either  evaporate  or  are  moved  into  the  liquid  zone  as  determined  by  their  distribution 
coefficients.  The  impurities  remaining  in  the  different  parts  of  the  crystal  after  the 
passes  are  determined  by  resistivity  measurements.  The  measurements  must  be 
taken  in  the  centers  of  the  rod  areas  with  constant  diameter.  The  undercuts  on  the 
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Figure  4.  Polysilicon  Evaluation  - 1-2-3- 7 Crystal 

Ingot  are  the  last  frozen  liquid  zones  and  contain  the  impurities  removed.  The 
conductivity-type  is  determined  for  each  section  of  the  rod  by  the  thermal  or  rectify- 
ing probe  method. 

The  1-2-3  pass  section  of  the  ingot  determines  the  donor  concentration.  The 
ratio  of  the  impurity  concentrations  of  two  consecutive  passes  permits  the  calculation 
of  the  donor  concentration  of  the  polysilicon.  The  7-pass  section  provides  the  data 
on  the  acceptor  (boron)  concentration  which  determines  the  purification  limit  of  the 
material  at  this  time. 

Phosphorus  and  other  impurities  (at  a lower  concentration  than  phosphorus)  are 
swept  by  the  moving  liquid  zone  and  evaporate  or  accumulate  at  the  end  zone,  which 
is  cropped  from  the  single  crystal  rod  upon  completion  of  the  process. 

Dow  Corning  provides  a data  sheet  describing  the  impurity  content  of  each 
silicon  lot  (see  Table  1) . The  impurity  concentrations  are  determined  by  mass 
spectroscopy  and  IB  absorption  (the  latter  for  oxygen  and  carbon) . 

2.1.3  Silicon  Purification 

With  the  exception  of  boron,  all  of  the  important,  electrically  active  impurities 
which  are  commonly  found  in  silicon  can  be  removed  by  the  vertical  vacuum  float 
zoning  method.  These  removable  impurities  remain  preferentially  in  the  liquid  zone 
as  the  coil  advances  and  the  silicon  solidifies  at  the  interface  (see  Figure  3).  The 
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TABLE  1.  TYPICAL  IMPURITY  VALUES  FOR  POLYCR YSTA LLINE 
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ratio  of  the  impurity  concentration  frozen  in  the  solid  phase  to  that  remaining  in  the 
liquid  zone  is  called  the  distribution  or  segregation  coefficient  k of  this  element. 
Table  2 lists  the  distribution  coefficient  as  the  most  important  impurities  in  silicon 
(Ref.  6) . The  distribution  k is  expressed  as : 


k = Ng/NL  (14) 


where 

k is  the  distribution  or  segregation  coefficient 

N is  the  impurity  concentration  frozen  in  the  solid  crystal  at  the  interface 
s 

Nl  is  the  concentration  remaining  in  the  liquid  at  the  interface. 

Impurities  with  high  vapor  pressure  like  phosphorus  and  arsenic  show  a "modi- 
fied distribution  coefficient,"  which  is  characterized  by  the  fact  that  evaporation 
increases  the  removal  rate  beyond  the  value  of  the  segregation  k if  the  purification 
process  is  performed  in  a vacuum  (<0.1  mm  Hg).  (Ref.  5.)  The  modified  distribu- 
tion coefficient  can  be  formulated  as : 

u = k + f/aL  (15) 


6.  Trumbore,  F.  A. , "Solid  Solubility  of  Impurity  Elements  in  Germanium  and 
Silicon,"  Bell  Sys.  Tech.  J.,  Vol.  39,  pp  205-232,  1960. 
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TABLE  2.  DISTRIBUTION  AND  DIFFUSION  COEFFICIENTS  AT  THE 
MELTING  POINT  OF  SILICON  (Ref.  6) 


k Safrayitioa  or 

Distribution  Cootficiont 
in  Silicon 


Difforion 

Coofficicnt  (eM2/ste) 
TontS  ION  to  1350*C 


tr'toto4 


IP^tolO'5 


ir13  to  ib12 


4x10* 


where  the  modification  term  f/aL  depends  on  the  zone  length  L,  growth  rate  (or  coil 
speed)  f , and  the  evaporation  rate  or,  which  is  a function  of  the  growth  chamber 
pressure. 

Figure  5 presents  experimental  data  for  the  reduction  of  phosphorus  at  various 
growth  rates  (or  coil  speeds)  and  a constant  growth  chamber  pressure  (< 0. 1 mm  Hg). 
The  curve  shows  that  with  the  reduction  of  the  growth  rate  from  2 mm/min  to  1 ram/ 
min,  phosphorus  reduction  can  be  increased  by  a factor  of  two.  This  purification 
technique  performed  in  the  vacuum  float  zoner  permits  the  reduction  of  the  phosphorus 
concentration,  which  is  always  initially  larger  than  the  boron  concentration,  by  multi- 
ple zone  passing.  Using  the  experimental  data  in  Figure  5,  the  number  of  vacuum 
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Figure  5 . Phosphorus  Reduction  During  Silicon  Purification 
by  the  Float  Zoning  Technique 

passes  needed  to  reduce  the  phosphorus  concentration  to  a certain  level  can  be  calcu- 
lated. Figure  6 compares  experimental  data  of  crystals  purified  in  this  program  to  a 
calculated  curve  and  shows  good  agreement. 

Eighteen  purification  runs  were  started  during  this  project  (see  Table  3) . The 
earlier  purification  runs  showed  the  inadvertent  addition  of  impurities  during  the 
vacuum  float  zoning  process.  The  following  steps  were  adopted  to  minimize  contamin- 
ation of  the  crystal  during  the  growth  process: 

1 . A shutter  arrangement  was  provided  to  cover  the  furnace  window  viewing 
port.  This  shutter  provides  the  operator  with  the  freedom  of  an  "unlimited" 
number  of  passes  without  the  need  to  open  the  furnace  to  clean  the  window. 
The  shutter  was  equipped  with  high  purity  quartz  panels  to  avoid 
contamination. 

2.  The  achievable  vacuum  of  the  vacuum  float  zoner  was  improved  through  the 
addition  of  a liquid  nitrogen  trap  and  a water  cooled  chevron  baffle.  This 
installation  farther  reduces  contamination  of  the  silicon  by  preventing 
back  streaming  of  the  diffusion  pump  oil  into  the  growth  chamber. 
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Figure  6.  Number  of  Vacuum  Passes  for  Phosphorus  Purification  in  Silicon 
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2.1.4  Float  Zoner  Preparation  and  Cleaning  Procedure 

Preparation  and  cleaning  procedures  were  formulated  for  the  float  zone  furnace 
chamber , the  silicon , the  seed , the  coil , and  all  other  parts  used  in  connection  with 
the  crystal  growth.  These  preparation  procedures  follow  modified  standard  rules  of 
cleaning  and  preparing  silicon  rods  and  growth  environment  for  silicon  crystal  growth. 
The  requirements  in  this  contract  specify  a high  degree  of  purity  of  the  final  single 
crystal  , so  the  processed  discussed  in  this  report  control  the  general  handling  pro- 
cedures for  the  silicon  and  furnace  parts. 

The  procedure  for  etching  silicon  boules  is  presented  in  the  growth  process 
writeup,  as  it  is  applicable  for  all  silicon  work.  While  the  furnace  cleaning  procedures 
are  tailored  to  our  specific  float  zoner,  they  can  be  applied  with  modifications  to  other 
types. 


2.1.5  Silicon  Crystal  Purification  by  Float  Zoning 

The  silicon  single  crystals  purified  and  grown  under  this  program  are  listed  in 
Table  3.  The  crystals  are  arranged  by  date  and  list  the  following: 

1.  The  crystal  number. 

2.  The  number  of  purification  passes  in  the  vacuum  zoner. 

3.  The  bulk  resistivity  (maximum  and  minimum)  measured  on  a 1 cm  wide 
lapped  strip  on  the  ingot  by  a four-point  probe.  These  data  were  cor- 
related by  slice  resistivity  and  Hall  measurements. 

4.  The  characteristics  of  the  polysilicon  as  listed  by  the  supplier,  given  in 
ppb  (parts  per  billion)  of  the  A = acceptor  (p-type)  and  D = donor  (n-type) 
impurities. 

The  remainder  of  the  data  in  Table  3 lists  the  further  use  of  these  purified 
crystals  for  boron  compensation  and  gallium  doping.  A more  detailed  discussion 
about  this  subject  is  presented  in  the  writeup  on  Tasks  n , III;  and  IV . 

Purification  and  uniformity  in  impurity  concentration  along  the  crystal  boule  and 
the  radial  resistivity  gradient  are  plotted  in  Figures  7 and  8.  Figure  7 shows  the 
resistivity  along  the  crystal  boule  for  two  purified  crystals,  VZ069  and  VZ070  (see 
Table  3).  Crystal  VZ070  shows  a low  resistivitv  near  the  seed  end  reflecting  the 
influence  of  a seed  with  lesser  purity  than  that  of  the  crystal  material.  The  polysilicon 
used  to  grow  VZ070  had  an  acceptor  concentration  of  7.5  x ID"3  ppb  and  a donor  con- 
centration of  0.05  ppb.  The  acceptor  concentration  provides  the  purification  limit, 
corresponding  to  a single  crystal  resistivity  of  approximately  30,000  Jlcm.  The  dif- 
ference in  the  resistivity  between  this  limiting  value  and  that  measured  for  this 
crystal  (4K  to  10K  Ocm)  is  due  to  the  seed  influence  and  to  the  fact  that  apparently 
small  amounts  of  boron  were  still  added  during  the  crystal  growth  process.  A contin- 
uous effort  was  directed  toward  improving  the  purification  process  and  increasing  its 
consistency  and  repeatability. 
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The  resistivity  measurements  on  the  bulk  crystal  were  obtained  by  two-  and 
four-point  probes . It  was  found  that  four-point  probe  measurements  on  bulk  silicon 
single  crystals  of  high  purity  were  erroneous  when  the  contact  pressure  on  the  indi- 
vidual spring  loaded  points  of  the  four-point  probe  varied,  tapping  a level  1 cm  wide 
strip  along  the  ingot  (final  grit  5 pm)  and  thorough  cleaning  of  the  lapped  strip  provides 
reliable  repeatable  measurements  in  most  cases  (Figure  24,  page  51). 

The  distribution  of  the  impurity  concentration  in  the  bulk  was  evaluated  by 
extracting  wafers  from  different  areas  along  the  crystal.  Resistivity  topography  in 
90  deg  x-  and  y- coordinates  provided  data  reflecting  uniformity  on  these  slices.  The 
collected  test  results  are  shown  in  Figure  8.  The  data  points  are  A 1 at  the  x coordin- 
ate and  A2  at  the  y coordinate.  The  maximum  resistivity  variation  between  the  d*ta 
lines  is  indicated  by  a Ap  value. 

The  four-  and  two-point  probes  are  the  two  most  important  techniques  to  mea- 
sure the  bulk  resistivity  along  a silicon  ingot  by  a non-destructive  method.  The 
purified  silicon  crystal  has  to  be  further  processed  in  the  gas  zoner  to  compensate 
the  boron  and  add  the  gallium.  Only  limited  sample  slices  can  be  taken  from  the 
seed  end  to  complement  the  bulk  resistivity  data.  Sample  slices  taken  less  than  one 
inch  into  the  bulk  from  the  seed  end  are  not  representative  as  the  seed  influence  is 
still  strong.  Reliable  Hall,  IR,  and  photoconductive  spectral  response  measurements 
require  material  samples  from  the  bulk.  These  evaluation  tests  are  imperative  for 
the  process  development  but  consume  large  parts  of  the  crystals  and  thereby  reduce 
fee  yield  of  the  final  doped  crystals.  Improved  consistency  and  reliability  of  the  non- 
destructive bulk  measurements  is  needed  to  narrow  the  uncertainty  limits  of  the 
residual  boron  concentration  which  is  used  to  calculate  the  needed  compensating 
dopants. 

2.1.6  Boron  Reduction  by  Boron  Redistribution  in  the  SiQ2-Si  System 

Whenever  two  solids  containing  some  specific  impurities  are  brought  into 
intimate  contact , their  Impurities  will  redistribute  in  such  a way  that  the  chemical 
potential  on  the  two  sides  of  the  interface  will  be  equal . This  concentration  balance 
of  the  impurities  in  the  two  regions  can  be  expressed  as 


E1  C1  = a2  C2 

where 

a^ , a2  are  the  activity  coefficients 

Cj,  c2  are  the  concentrations  of  the  impurities  distributed  in  the  two  regions. 

It  has  been  theoretically  and  experimentally  established  that  the  impurity  distribution 
within  a semiconductor  material  can  be  altered  during  the  thermal  oxidation  process. 
When  a silicon  surface  is  oxidized , an  interface  is  created  which  separates  the  result- 
ing two  solid  phases,  the  silicon  oxide  and  the  silicon.  During  the  oxidation  process, 


the  SiOo-Si  interface  advances  into  the  silicon,  causing  a redistribution  of  its  original 
impurities.  The  redistribution  depends  on  the  segregation  coefficient,  m,  where 


_ equilibrium  concentration  of  impurity  in  Si 

m “ equilibrium  concentration  of  impurity  in  SiC>2 

It  compares  the  relative  magnitude  of  the  activity  coefficients  of  a specific  impurity 
in  the  oxide  to  that  in  the  silicon.  A second  factor  affecting  the  redistribution  is  the 
diffusion  of  the  impurity  within  the  oxide  layer.  This  impurity  may  also  have  a 
tendency  to  leave  the  oxide  and  escape  into  the  gaseous  ambient.  The  rate  of  the 
escape  then  will  be  determined  by  the  diffusion  of  the  impurity  through  the  oxide  layer. 
A balance  for  this  impurity  is  then  established  in  the  three  parts  of  the  system , 
silicon,  oxide,  and  ambient. 

A.S.  Grove  (Ref.  7)  lists  the  segregation  coefficient  m for  various  impurities 
in  the  SiC>2-Si  system.  A segregation  coefficient  m < 1 corresponds  to  a situation 
where  the  oxide  "takes  up"  the  impurity.  In  such  a case,  the  specific  impurity  will 
be  depleted  from  the  silicon.  Gallium,  boron,  and  indium  have  such  specific  charac- 
teristics (m  « 0.3).  Correspondingly,  a rapid  diffusion  of  these  impurities  through 
the  oxide  region  further  depletes  their  concentration  in  the  silicon. 

Purification  by  this  method  is  most  effective  when  silicon  sample  wafers  are 
used.  Other  researchers  (Ref.  8 and  9)  have  investigated  boron  redistribution  in 
substrates  with  a boron  concentration  between  1015  and  io*7 8 9  cm-8.  Four-point  probe 
and  spreading  resistance  measurements  are  quite  accurate  in  this  concentration 
range.  Impurity  (boron)  contamination  during  oxidation  as  a competitor  to  out- 
diffusion  is  of  little  concern.  However,  silicon  crystal  material  with  a residual  boron 
concentration  of  < 10l2  cm-3  is  at  a purity  level  where  contamination  by  handling  and 
specifically  by  high  temperature  processing  drastically  changes  its  characteristics. 
The  experiments  presented  later  in  this  section  investigated  the  reduction  of  the  boron 
concentration  in  silicon  by  boron  out-diffusion  into  silicon  dioxide. 

To  measure  boron  concentration  below  1 x lO*2  by  the  IR  method,  sample 
specimens  of  3 to  7 cm  in  length  (0.5  x 0.5  cm  widths)  are  required.  An  ingot  of 
three  inches  in  length  was  needed  to  supply  the  test  samples . Only  small  impurity 
changes  are  obtainable  from  such  large  size  samples;  by  out  diffusion.  Therefore, 
further  investigation  of  wafer  material  was  only  planned  if  the  oxidation  experiment  of 
the  boule  at  least  retained  the  original  silicon  purity. 


7.  Grove,  A.S. , Leistiko,  O. , Sah,  C.T. , "Redistribution  of  Acceptor  and  Donor 
Impurities  During  Thermal  Oxidation  of  Silicon,"  Journal  of  Applied  Physics, 
Vol.  35,  No.  9,  p 2695,  1964. 

8.  Ar-Ron,  M. , Shatzkes,  M. , Burkhardt,  P.T. , "Distribution  of  Dopant  in 
SiOo-Si ,"  Journal  of  Applied  Physics,  Vol.  34,  No.  7,  p 3159,  1976. 

9.  Kato,  T. , Nishi,  Y. , "Redistribution  of  Diffused  Boron  in  Silicon  by  Thermal 
Oxidation,"  Japanese  Journal  of  Applied  Physics,  Vol.  3,  p 377,  1964. 
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Figure  9 shows  the  flow  diagram  of  the  SiC>2-Si  experiment  and  Table  4 lists 
the  results.  The  data  of  the  experiments  in  both  cases  demonstrate  the  inability  to 
retain  the  original  purity  of  the  silicon  crystal,  as  obtained,  through  the  vacuum  float 
zoning  process.  Boron  and  oxygen  contamination  occurred  during  the  diffusion 
process,  while  stripping  the  oxide,  or  while  etching  the  ingot. 

These  test  results  confirm  the  conclusion  of  the  previously  referenced  experi- 
ments that  vacuum  float  zoning  is  the  high  temperature  materials  process  best  suited 
to  achieve  and  retain  optimum  purity.  Minimized  handling  and  exposure  to  a con- 
taminated environment  is  required  in  addition  to  rigid  control  of  the  etching  and 
cleaning  process.  The  float  zone  process  still  cannot  decrease  the  residual  boron 
concentration  obtained  in  the  original  manufacture  of  the  basic  polysilicon  material. 
At  best,  the  float  zone  process  maintains  this  boron  impurity  level  while  controlling 
the  introduction  of  other  elements. 

2.2  TASK  II  - GROWTH  OF  DOPED  SILICON  CRYSTALS 

Task  II  is  concerned  with:  (1)  boron  compensation,  and  (2)  gallium  doping. 
These  tasks  were  approached  in  separate  experiments  to  determine  the  optimum  pro- 
cedures for  each.  These  procedures  were  then  used  in  combination  to  achieve  the 
desired  final  results.  Boron  compensation  and  the  gallium  doping  are  achieved  by 
adding  impurities  to  the  silicon  ingot  during  the  final  crystal  growth. 

Dopants  are  added  into  the  crystal  near  the  seed  end.  The  moving  liquid  zone 
carries  the  dopants  into  the  silicon  rod.  The  amount  of  dopant  added  is  calculated  as 
follows: 


m (16) 

where 

m is  the  weight  of  the  dopant  in  milligrams 
W is  the  weight  of  the  molten  zone  in  grams 

Q 

C Is  the  concentration  of  impurities  in  the  finished  crystal  in  atoms/cm 

k is  the  segregation  coefficient  (defined  on  page  14) 

A is  the  number  of  atoms/milligram  for  the  specific  dopant 

D is  the  density  of  silicon  =2.328  gm/cm  . 

2.2.1  Boron  Compensation  in  Purified  Silicon 

Residual  boron  does  not  respond  to  the  float  zoning  purification  process  or  to 
any  other  established  purification  method.  Photoconductivity  in  an  extrinsic  detector 
is  a function  of  the  Impurities  added  to  the  silicon.  The  choice  of  the  extrinsic 
impurity  for  this  program  is  gallium  which  produces  p-type  conductivity.  A gallium 
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Figure  9.  Flow  Chart  for  SiOg-Si  Experiment 
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TABLE  4.  TEST  DATA  FOB  SiC^-Si  BORON  REDISTRIBUTION  EXPERIMENTS 


doped  detector  can  be  adversely  affected  by  the  presence  of  the  uncompensated  boron, 
a p-type  impurity  with  a lower  ionization  energy.  Boron,  a shallow  acceptor,  can 
lower  the  operating  temperature  required  for  acceptable  dark  current  values.  To 
avoid  this  degradation  of  the  detector , n-type  impurities  are  added  to  compensate  the 
boron.  (For  the  theoretical  discussion,  see  Section  1.3  and  Appendix  A.) 

A minimum  degradation  in  theoretical  detector  gain  is  expected  when  slightly 
more  than  exact  compensation  of  the  boron  acceptors  is  accomplished.  Excessive 
overcompensation  is  undesirable  since  it  leads  to  additional  acceptor  and  donor 
charged  impurity  centers . Such  positively  charged  centers  will  reduce  carrier 
mobility  and  lifetime  and  thereby  the  gain  of  the  detectors. 

Three  experimental  approaches  were  applied  to  investigate  the  effectiveness  of 
the  compensation  of  residual  boron  in  gallium  doped  silicon.  The  material  from  the 
experimental  crystals  was  then  used  to  fabricate  block  detectors.  These  were  then 
tested  under  high  and  low  background  conditions  to  evaluate  the  individual  compensa- 
tion method  in  terms  of  the  final  detector  performance.  The  investigation  of  the 
three  compensation  methods  was  structured  as  follows : 

1.  Compensation  of  residual  boron  by  adding  interstitial  (Mg  or  Li)  or 
substitutional  (Sb  or  Mn)  impurities. 

30  31 

2.  Compensation  by  nuclear  transmutation  doping  Si  — P,  boron 
compensated  by  21P. 

3.  Phosphorus  reduction  to  a boron  "plus"  concentration  by  the  float  zoning 
method.  This  method  is  presently  used  in  the  industry  and  material 
obtained  by  this  process  was  compared  with  that  of  methods  (1)  and  (2). 

2. 2. 1.1  Various  n-Type  Impurities  for  Boron  Compensation 

The  investigation  of  n-type  impurities  that  lend  themselves  to  this  kind  of  com- 
pensation is  part  of  this  project.  Desirable  characteristics  for  these  dopants  are  that 
the  distribution  coefficient  is  in  the  range  of  10-2  to  10-2  (see  Table  2)  and  that  the 
solubility  limit  of  this  element  in  silicon  is  at  least  as  large  as  the  highest  expected 
values  of  boron  concentration  (approximately  10l2  cm"2).  The  added  dopant  has  to 
have  a melting  point  below  1420°C  (melting  point  of  silicon)  and/or  the  ability  to 
readily  diffuse  into  silicon  for  the  preparation  of  a "master  dopant."  The  process  of 
preparing  a master  dopant  is  performed  by  diffusing  the  impurity  into  an  ultra  pure 
silicon  slice  to  such  a concentration  that  a small  part  of  this  doped  wafer  provides 
the  impurity  atoms  needed  for  the  compensation. 

Magnesium,  lithium,  manganese,  and  antimony  were  the  n-type  impurities 
considered  for  use  in  the  LADIR  program.  Magnesium  and  lithium,  the  two  inter- 
stitial impurities,  were  investigated  because  of  their  potential  for  complexing  with 
boron.  The  experiments  are  discussed  in  the  next  subsections . Manganese  and 
antimony , the  substitutional  impurities , were  chosen  because  of  their  favorable 
segregation  coefficients,  melting  points,  and  vapor  pressures  at  1420°C. 
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2. 2. 1.2  Magnesium  and  Lithium  for  Boron  Compensation 

The  optimum  condition  of  accurate  compensation  of  the  residual  boron,  without 
concern  for  the  boron  distribution  in  the  silicon,  can  only  be  achieved  by  introducing 
an  n-type  impurity  (X)  that  complexes  with  each  available  boron  atom  to  form  a stable 
XB  compound. 

Furthermore,  a bond  strong  enough  to  hold  the  compensating  impurity  atom  to 
the  boron  atom  may  cause  the  solubility  of  the  compensating  impurity  to  be  dependent 
upon  the  density  of  the  boron  atoms.  Magnesium  and  lithium  are  two  elements  con- 
sidered for  this  compensation  process.  Diffusion  experiments  with  lithium  and  mag- 
nesium indicate  that  their  solubility  limit  is  dependent  upon  the  boron  concentration 
contained  in  the  silicon.  Diffusion  data  reported  in  the  literature  cover  diffusion 
temperatures  up  to  1340 °C  for  magnesium  and  1100 °C  for  lithium.  The  compensation 
of  the  residual  boron,  while  doping  and  growing  a single  crystal  by  the  float  zoning 
method  in  the  gas  zoner,  has  to  be  achieved  at  a temperature  of  1420°C  (the  melting 
point  of  silicon).  The  vapor  pressure,  diffusion  coefficient  and  stability  of  the 
compound  XB  at  this  temperature  will  be  the  limiting  factors  in  establishing  the  utility 
of  lithium  and  magnesium  for  boron  compensation  during  the  crystal  growth  process. 
(Refs.  10  through  21.) 
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Lithium  introduced  in  low- resistivity  p-type  silicon  can  form  pairs  bound  by 
coulomb  forces  with  Group  III  impurities.  The  localized  modes  of  the  Li+ET  pair,  as 
well  as  those  of  the  Li+  Al”  pair,  have  been  observed  and  reported  in  the  literature. 
Compensation  of  boron  doped  silicon  with  interstitial  lithium  is  achieved  by  a process 
in  which  a lithium  atom  or  a Li-0  complex,  both  donors,  compensates  an  acceptor  by 
the  formation  of  a neutral  Li+B“  pair. 

It  is  expected  that  magnesium,  can  also  form  a Mg+B“  pair.  This  pair  may 
further  release  an  electron , leaving  the  ionized  Mg++B_  pair. 

2. 2. 1.3  Magnesium  Experiments 

Experimental  work  on  extrinsic  detector  material  at  Rockwell  International  done 
prior  to  the  LADIR  contract  included  the  introduction  of  magnesium  into  silicon. 
Magnesium  doped  silicon  samples  prepared  by  a specific  diffusion  technique  were 
reported  by  L.T.  Ho  of  Purdue  University  (Ref.  17).  Ho's  technique  became  the  basis 
for  two  further  experiments  (labelled  6 and  7)  at  Rockwell,  which  are  listed  in  Table  5. 

Experiment  6 investigated  the  workability  of  the  diffusion  technique.  This  tech- 
nique uses  the  diffusion  of  magnesium  into  an  optically  polished  silicon  slice  sand- 
wiched between  two  other  silicon  slices.  These  outside  silicon  "cover  slices"  contact 
the  center  slice  on  all  surfaces  covered  with  magnesium  to  avoid  the  escape  of  the 
magnesium  into  the  ambient.  The  boiling  point  of  magnesium  is  1107°C.  This  is  much 
lower  than  1340°C,  the  temperature  at  which  the  diffusion  coefficient  of  magnesium  is 
a useful  value  of  1(T7  cm2/sec. 

To  avoid  contact  between  the  quartz  tube  and  the  silicon  sandwich,  a tantalum 
plate  supports  the  wafer  package.  Quenching  this  sample  package  after  diffusion 
caused  breakage  due  to  thermal  shock.  Therefore,  to  avoid  this  effect,  the  slice 
sandwich  was  placed  between  two  thick  silicon  slabs,  as  shown  in  Figure  10,  before 
quenching.  This  diffusion  method  succeeded  and  was  used  in  all  further  diffusion 
experiments  with  magnesium  and  lithium. 

Experiment  7 was  conducted  in  two  parts: 

a)  To  establish  the  maximum  solubility  of  magnesium  in  silicon  by  quenching 
(rapidly  cooling  by  immersion  in  cold  water)  one  sample  to  avoid  out- 
diffusion  during  a slow  cooling  process. 

b)  To  investigate  the  magnesium  concentration  remaining  in  the  material 
when  using  slow  cooling  to  imitate  the  float  zoning  process. 

The  impurity  characteristics  of  two  wafers  from  crystal  VZ021  (with  four 
vacuum  passes)  used  for  experiment  7 were  measured  to  be: 


|''b-kp 

= 1.9  x 1012  cm-3 

for 

7(a) 

= 2.2  x 1012  cm”3 

for 

7(b) 
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Figure  10.  Diffusion  Arrangement 

The  calculated  phosphorus  concentration  is  0.8  x 1012  cm'-3  (see  Section  2.1.3 
method  of  calculation). 

Aftet  magnesium  diffusion  the  impurity  balance  can  be  formulated  as  follows: 


AN«Nd-Na  =NMg  + Np-NB 


NMg  Quenched)  = 1.9  x 1015  cm"3 


NMg  (8lowly  cooled)  = 3.5  x 1012  cm"3 

The  published  (Ref.  10)  maximum  solid  solubility  limit  of  magnesium  in  silicon 
was  confirmed  by  our  experimental  data  as  1.9  x 1015  cm*3.  This  low  solubility 
limit,  together  with  the  segregation  coefficient  value  of  0.01 , would  demand  the  use 
of  a relatively  large  amount  of  master  dopant.  This  complicates  the  crystal  growth. 
Alternatively , the  amount  of  pure  elemental  magnesium  needed  to  compensate  the 
boron  in  the  purified  crystal  is  so  small  that  weighing  and  transferring  it  into  the 
doping  slot  or  welding  it  into  the  crystal  is  impractical.  Therefore,  an  alternate 
method  was  developed  to  introduce  the  magnesium  into  the  silicon  ingot.  Magnesium 
was  evaporated  onto  a high  purity  silicon  wafer.  The  slice  was  weighed  before  and 
after  magnesium  deposition.  The  wafer  with  the  dopant  was  then  broken  into  pieces 
and  a small  piece  containing  the  approximate  calculated  amount  of  magnesium  was 
welded  into  the  ingot.  The  results  are  discussed  in  Sections  2. 2. 1.5  and  2.4. 

2.2. 1.4  Lithium  Doped  Silicon  Study 

Lithium  is  an  interstitial  impurity  with  a diffusion  constant  of  10” 5 at  approxi- 
mately 850 °C.  In  contrast,  substitutional  impurities  from  Groups  in  and  V have  a 
diffusion  coefficient  of  10*13  to  10“13  at  the  source  temperature  (see  Table  2). 
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The  diffusion  rate  and  solubility  limit  of  lithium  in  silicon  have  been  reported 
in  References  11  through  21.  The  dependence  of  the  lithium  solubility  on  the  boron 
concentration  in  silicon  (Ref.  13)  was  used  to  investigate  the  use  of  this  element  for 
boron  compensation.  A theoretical  and  experimental  curve  for  lithium  in  doped 
silicon  for  the  temperature  range  from  200  to  1200 °C  was  used  as  the  guideline  of 
our  first  experiment  (see  Figure  11).  A sharp  maximum  in  the  solubility  curve 
around  650°C  was  reported  (Ref.  13)  when  doping  silicon  with  a boron  concentration 
between  5 x 1017  to  1 x 1019  cm-3. 

Data  for  very  low  concentrations,  in  our  case < 3 x 1012  cm-3,  were  not  avail- 
able and  the  characteristics  of  the  behavior  of  lithium  at  the  silicon  melting  tempera- 
ture had  to  be  investigated. 

Experiments  to  compensate  residual  boron  impurities  by  formation  of  a Li-B 
complex  were  performed.  Our  initial  study  required  producing  a Si:Ld  master  dopant 
for  the  compensation  of  boron  during  crystal  growth.  A simple  procedure  for  doping 
silicon  with  lithium  was  developed  by  using  the  diffusion  method  used  for  magnesium . 

Experiment  No.  1 

A sketch  of  the  location  of  the  silicon  slices  and  blocks  in  the  experiment  is 
shown  in  Figure  12.  A slice  from  single  crystal  VZ050,  purified  by  six  vacuum  zone 
passes,  with  a resistivity  of  5.58  kficm , was  optically  polished  and  used  as  the  center 
slice.  This  slice  and  the  inside  surfaces  of  the  cover  slices  were  generously  coated 


SOLUBILITY  OF  Li  IN  Si  VS  TEMPERATURE 
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Figure  11.  Solubility  of  Lithium  in  Silicon  as  a Function  of  Temperature 

(Ref.  13) 
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Figure  12.  Lithium  Diffusion  Experiment  No.  1 

with  a suspension  of  lithium  metal  in  CP  mineral  oil.  These  three  slices  were 
fastened  between  two  silicon  blocks.  These  blocks  were  obtained  from  single  crystal, 
six-pass  material.  They  were  cut  from  regions  close  to  the  seed  end  and  from  two 
centimeters  away  from  the  last  zone.  These  parts  of  the  crystal,  while  of  high  purity, 
are  not  used  for  device  processing  since  they  have  too  large  resistivity  variations 
compared  with  the  center  part  of  the  single  crystal.  The  diffusion  assembly  was 
inserted  into  a dry  helium  gas  furnace  and  maintained  at  200  C for  2 hr  to  diffuse  the 
lithium  into  the  silicon  surface  to  form  a source  for  subsequent  higher  temperature 
diffusion  at  650°C  for  30  min.  After  diffusion,  the  assembly  was  first  quenched  on  a 
stainless  steel  transfer  plate  and  cooled  rapidly  in  deionized  water. 

It  was  observed  that  the  three  slices  were  excessively  attacked  by  the  lithium. 
The  slices  disintegrated  into  small  extremely  porous  pieces.  The  inner  surfaces  of 
the  silicon  blocks,  not  in  contact  with  the  lithium,  were  intact.  The  blocks  were 
cleaned  lightly  lapped  in  preparation  for  4-point  probe  resistivity  measurements. 
The  resistivity  of  various  silicon  surfaces  of  the  diffusion  assembly  were  determined 
and  are  listed  in  Figure  12.  A significant  observation  was  that  the  lithium  diffusion 
proceeded  rapidly  from  the  center  slices  into  the  silicon  blocks  doping  the  whole  bulk 
of  the  silicon  blocks  whose  thickness  was  approximately  1 cm.  The  inside  surfaces 
of  both  blocks  had  a lithium  concentration  of  1 x 10l9  atoms  /cm**;  the  outer  surfaces 
measured  2.2  x 10l6  atoms/cm3.  We  believe  that  the  diffusion  proceeded  as  a bulk 
diffusion  since  the  lithium  was  confined  to  the  center  area  and  the  flowing  gas  would 
have  swept  away  evaporating  lithium  (see  Table  6). 
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In  conclusion,  lithium  was  observed  to  be  a very  fast  diffuser  in  silicon 
confirming  data  in  the  literature  (D  “ KT®  cm^/sec  at  650  C)  (Ref.  11).  Deteriora- 
tion of  the  slice  was  due  to  the  excessive  amount  of  lithium  applied  to  the  slice 
surfaces . It  was  clear  from  this  first  experiment  that  our  lithium  source  was  too 
high  in  concentration. 


Experiment  No.  2 

The  purpose  of  this  experiment,  a sketch  of  which  is  shown  in  Figure  13,  was  to 
study  the  lithium  diffusion  process  with  a cooling  cycle  which  approximates  that  of  the 
crystal  growth  process.  Experiment  No.  1 showed  that  a more  dilute  lithium  source 
should  be  used  to  prevent  disintegration  of  the  slices.  Using  a new  diffusion  assem- 
bly, the  center  slice  was  coated  with  a thin  film  of  the  lithium  suspension.  The  two 
cover  slices  were  not  coated . The  diffusion  experiment  was  performed  again  as  in 
Experiment  No.  1.  The  sample  was  not  removed  or  quenched  but  was  allowed  to 
remain  in  the  furnace  where  it  cooled  slowly. 

The  diffusion  assembly  was  disassembled  in  deionized  water.  It  was  observed 
that  the  slices  were  intact;  the  center  slice  which  had  been  coated  with  lithium  was 
slightly  pitted.  The  lithium  concentrations  for  the  three  slices  and  end  blocks  were 
measured  and  are  recorded  in  Figure  13.  A lithium  concentration  of  4.5  x 1017  cm"3 
was  measured  for  the  slowly  cooled  diffused  wafer , establishing  that  a higher  lithium 
content  than  needed  for  boron  compensation  remained  in  the  silicon  material.  The 
outer  surfaces  of  the  silicon  blocks  did  not  type  convert  and  measured  high  resistivity 
values  correlating  to  exact  compensation  of  the  residual  boron  in  this  material. 
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Figure  13.  Lithium  Diffusion  Experiment  No.  2 
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The  conclusion  of  this  study  is  that  the  LiB  complexing  mechanism  is  operable 
and  could  provide  a means  of  compensation  of  boron  over  a large  concentration  range. 
The  effectiveness  of  this  procedure  indicated  that  an  improved  method  to  add  the 
lithium  could  be  to  use  the  lithium  contaminated  block  as  the  diffusion  source  instead 
of  a master  doped  alloy  or  an  elemental  lithium  source  on  the  surface  of  the  slice. 
Experiment  No.  3 explored  this  possibility. 

Experiment  No.  3 

A sketch  of  Experiment  No.  3 is  shown  in  Figure  14.  The  two  end  blocks  of  the 
previous  experiment , heavily  contaminated  with  lithium  , were  used  to  enclose  one 
slice  of  optically  polished  p-type  silicon  with  a resistivity  of  13.3  kQcm.  The  diffu- 
sion assembly  was  again  inserted  in  the  furnace  and  maintained  at  650°C  for  30  min . 
To  explore  the  amount  of  lithium  transferred  into  the  slice  f the  sample  was  quenched 
using  the  procedure  of  Experiment  No.  1. 

The  data  of  Experiment  3 (listed  in  Figure  14)  show  that  the  silicon  center  slice 
type  converted  and  a lithium  concentration  of  6 x 10*5  cm* 3,  corresponding  to 
3.18  Qcm,  was  obtained.  Changes  in  the  lithium  concentration  on  the  silicon  blocks 
could  be  verified  on  the  inside  surfaces  only.  This  experiment  shows  that  the  silicon 
blocks  which  were  heavily  doped  lend  themselves  as  a lithium  source,  suggesting  a 
simplified  method  to  introduce  this  impurity  into  silicon  bulk  material  as  shown  in 
Figure  IS. 
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Figure  14.  Lithium  Diffusion  Experiment  No.  3 
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The  purified  silicon  crystal  in  contact  with  a heavily  doped  Si:U  slab  is  held  at 
an  elevated  temperature  of  650°C  for  30  min  in  a diffusion  tube.  Enough  lithium  will 
diffuse  into  the  lower  end  to  provide  a sufficient  number  of  impurity  atoms  to  compen- 
sate the  residual  boron.  It  had  to  be  assumed  that  the  excess  of  lithium,  not  bound  as 
a LiB  complex,  would  evaporate  to  provide  optimum  compensation. 

This  method  seems  to  provide  some  advantage  over  the  master  dopant  method , 
because: 

1 . The  boron  compensation  starts  where  the  seed  joins  the  crystal . 

2.  There  are  no  clusters  of  elementary  lithium  left  in  the  silicon  master 
dopant  to  react  vigorously  with  oxygen  and  small  amounts  of  moisture  in 
the  furnace. 

3.  A high  lithium  concentration  does  not  cause  arcing  between  the  coil  and 
work  piece,  adding  unwanted  impurities. 

In  this  project  Si:Li  master  dopant  was  used  to  add  the  lithium  to  the  silicon  crystal. 

This  method  introduces  the  boron  compensating  impurity  at  a chosen  distance  from 
the  seed  and  so  provides  test  wafers  of  the  purified  crystal  from  the  seed  end  (see 
Figures  16  and  17). 

In  conclusion,  the  diffusion  experiments  verified  a solubility  limit  of  >10*®  cm" 3 
for  lithium  in  silicon  (Ref.  13).  It  was  also  verified  that  this  impurity  can  be  added 
to  the  crystal  (during  the  float  zoning  process)  by  diffusion,  by  master  dopant,  or  in 
elementary  form.  Lithium  as  an  interstitial  impurity  in  silicon  displays  relatively 
high  mobility  of  the  Li+  ions , which  1b  reflected  in  its  high  diffusion  constant.  Fuller 
and  co-workers  (Ref.  11  thru  14),  Pratt  and  Friedman  (Ref.  18)  and  Pell  (Ref.  20 
and  21)  published  calculations  for  the  Id  diffusion  constant  in  the  temperature  range 
from  360  to  1350°C.  The  data  in  these  publications  show  good  agreement  and  can  be 
represented  by  the  expression: 
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Figure  16.  Boron  Compensation  with  Substitutional  Impurities 


Figure  17.  Crystal  with  Boron  Compensation  by  Li  or  Mg 


For  two  specific  temperatures , the  calculated  diffusion  coefficient  is : 

Du  = 5. 5 * 10“ 6 cm2 /sec  at  1000°C  (18) 

Du  = 1.7  x 10“ 14  cm2/sec  at  29S°K  (19) 

An  acceptable  fabrication  process  for  detectors  and  on-chip  electronics  depends 
on  the  compatibility  of  the  characteristics , especially  diffusion  constants , of  all 
impurities  in  the  original  silicon  bulk  and  those  added  during  the  subsequent  fabrica- 
tion procedures.  Table  2 lists  these  data  for  boron,  phosphorus,  arsenic,  and  other 
elements  involved  in  building  the  LA  DIR  arrays.  The  diffusion  coefficient  for  these 
impurities  at  1000°C,  a conventional  processing  temperature , is  on  the  order  of 
10-12  to  10"14  cm2/sec,  a factor  of  108  lower  than  that  for  lithium  (Eq  18).  As  an 
illustration  of  this  problem.  Hall  data  (Figure  23)  indicate  out-diffusion  during  con- 
tact application  can  destroy  the  planned  donor  compensation  of  boron. 

2 . 2 . 1 . 5 Compensation  Methods  During  Crystal  Growth 

Four  crystals  purified  by  six  vacuum  passes  were  used  to  introduce  the  four 
chosen  impurities  Mg,  Li,  Mn,  and  Sb  for  the  boron  compensation.  During  the  final 
crystal  growth  in  the  gas  zoner,  the  boron  compensating  impurity  was  added  at  the 
same  time  as  the  gallium  dopant. 

The  dopant  added  for  boron  compensation  was  inserted  in  a cut  very  near  the 
seed  end.  The  extrinsic  dopant,  gallium,  was  added  in  a cut  approximately  5 inches 
along  the  crystal.  This  procedure  provided  test  slices  from  different  areas  of  the 
crystal.  It  is  shown  in  Figure  16  that  the  ingot  provided  wafers  from  the  purified 
section  (seed  end),  the  boron  compensated  part  (center),  and  the  gallium  doped,  boron 
compensated  tang  end.  In  addition,  samples  for  oxygen  and  carbon  evaluation  could 
be  extracted  from  the  part  of  the  crystal  closest  to  the  seed. 

Magnesium  and  lithium,  the  two  interstitial  impurities  in  silicon,  were  chosen 
for  boron  compensation  because  of  the  expected  complexing  of  the  boron  atoms  to  an 
XB  structure.  These  complexes  may  not  only  provide  a boron  dependent  concentra- 
tion of  the  introduced  impurity  but  also  may  result  in  a segregation  coefficient  of  the 
XB  complex  which  would  permit  boron  removal  or  sweep-out  by  additional  zone 
passing.  This  sweeping  effect  could  be  investigated  by  comparing  slices  from  the 
one-pass  section  with  the  two-pass  section.  Figure  17  demonstrates  the  experimental 
growth  procedure  employed  to  investigate  this  possibility. 

2. 2. 1.6  Boron  Compensation  by  Nuclear  Transmutation 

Nuclear  transmutation  doping  promises  several  advantages  over  conventional 
doping  techniques  for  producing  the  desired  compensating  donor  concentration.  The 
nuclear  reaction  of  the  transmutation  process  is  based  on  the  conversion  of  the 
isotope  30Si  to  31P,  the  desired  donor  impurity.  This  process  is  dose  dependent, 
slow  enough  to  provide  accurate  control  of  the  dopant  concentration,  and  the  created 
phosphorus  atoms  are  distributed  uniformly  throughout  the  lattice. 
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The  nuclear  reactions  of  interest  for  this  transmutation  doping  are  as  follows: 


28Si  (n,y)29Si 


29Si  (n,  y ) 30Si 


3°Si  (n,  Y ) 31Si  - 31P  + fi~  ;Tl/2 


31p  (n, y ) 32p  -32s  +0";Tl/2 


= 2.62h 

14.3d 


Reaction 


(1) 

(2) 

(3) 

(4) 


The  natural  abundance,  thermal  neutron  absorption  cross  section  (n,  y ) and 
half-life  of  the  relevant  isotopes  of  silicon  and  phosphorus  are  listed  in  Table  7. 
The  production  rate  of  the  desired  dopant  can  be  calculated  from  these  data.  Since 
the  total  number  of  Si  atoms/cm3  is  4.996  x 10^2  atoms/cm3,  the  density  of  30si 
isotopes  is 

N(30Si)  = 0.0305  N(Si)  = 1.524  x 1021  atoms/cm3. 


The  theoretical  production  rate  for  phosphorus  is  then  found  from  the  expression: 

{31p1 

— = N(30Si)  <r[30Si  (n.y  ) 31Si]  = 1.676  x 10-4  31P  atoms/cm3/n/cm2 


TABLE  7.  NUCLEAR  DATA 


Natarel 

Abundance 

<%i 

Isotope 

«<«.  7) 

T1/2 

•2.27 

*«Si 

0.0«  ±0.03  5 

Stable 

4.SS 

»Si 

0.21  ± 0.09  h 

Stable 

3.05 

30Si 

1.11  ±0311  b 

2.02b 

IN 

319 

0.10  ± 0.02  b 

14.34 

Atomic  Weight:  Si  * 2I.0M,  N(Si)  * 4.991  x 10**  atoms/cm* 
Density:  Si  > 2.33  |m/cni3 


where  * is  the  irradiation  fluence  of  thermal  neutrons  (n/cm2).  Table  8 lists  the 
theoretical  production  of  donors  in  Si  in  several  useful  sets  of  units. 

The  transmutation  dopant  techniques  were  investigated  by  MURR  using  sample 
material  from  silicon  single  crystals  of  different  sources.  Rockwell  supplied  two 
purified  ingots,  VZ072  and  VZ083.  The  identification  data  are  listed  in  Table  9 and 
the  wafer  resistivity  topographies  are  shown  in  Figures  18  and  19,  evidencing  the 
uniform  boron  distribution  in  this  material.  MURR’s  results  indicated  that  the  trans- 
mutation doping  method  could  be  applied  to  compensate  low  boron  concentrations. 

The  transmutation  doping  technique  with  intrinsic  silicon  was  then  applied  to  gallium 
doped  silicon  with  the  results  described  in  Section  2.4. 

2. 2. 1.7  Boron  Compensation  by  Residual  Phosphorus 

High  quality  polycrystalline  silicon  is  generally  supplied  with  a donor  concentra- 
tion (mainly  phosphorus)  larger  than  the  acceptor  concentration.  An  Njj-to-N^  ratio 
of  >10  is  the  usual  material  characterization. 

Wherever  this  n-type  polysilicon  is  used  to  fabricate  extrinsic  silicon  by  doping 
with  a p-type  impurity  other  than  boron , the  phosphorus  concentration  is  reduced  by 
the  sweep-out  and  evaporation  effects  of  the  vacuum  float  zoning  process.  The 
phosphorus  reduction  per  vacuum  pass  follows  the  calculation  on  page  16 , and  the 
number  of  passes  to  retain  a boron  concentration  "plus"  level  follows  the  graph  of 
Figure  6.  The  silicon  crystal  with  low  conductivity  is  then  further  processed  by 
doping  to  the  desired  gallium  concentration. 

2.2.2  Gallium  Doping 

Extensive  work  has  been  done  at  Rockwell  on  gallium  doped  silicon.  The 
accumulated  were  compared  to  the  recent  test  data  and  were  then  used  as  an  aid 
in  evaluating  the  recommended  growth  process  for  the  gallium  doped  LA  DIR  material. 

Figure  20  illustrates  the  resistance  of  gallium  doped  silicon  samples  versus 
reciprocal  temperature.  The  data  presented  show  the  effect  of  varying  the  gallium 
concentration  between  3.0  x 1016  and  1.5  x 10l7  cm-3  over  a temperature  range  from 
7.3  to  50*^.  The  change  in  slope  of  log  R versus  reciprocal  temperature  for  SitGa 


TABLE  8.  31P  THEORETICAL  PRODUCTION  RATES 


MwtiM  Rat* 

00 

Units 

1JB 11  If4 

P atoms/cm3  per  n/cm* 

MB  « II14 

P atomt/cm3  per  101*  n/cm2 

3JSS 

ppb  per  I014  n/cm2 

■■■MPMMnMIMHiaMH 


f 
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TABLE  9.  IDENTIFICATION  DATA  FOR  PURIFIED  CRYSTALS, 

VZ072  AND  VZ08S 


i r -- 

RkM  Data 

iS 

Raateal  taparitiat 

Aftar  Parificatiaa* 

von 

■A  - UCTfpsk 

< Mx1*,2*i»*3 

N0  - MSppfc 

- IJaM12*3 

• 

■A  — IIq  ■ S « 1032  aw"3 

vzan 

«A  - M7S„fc 

< UMlt12**3 

■D  - Mfpte 

- Mill12*-3 

4 

SA  - IIq  ■ II32  a*"3 

'HmiiW  wHfc  4-faiat  prate  at  RT. 


near  25 °K  is  due  to  conduction  in  the  gallium  impurity  band.  The  secondary  slope  and 
the  temperature  at  which  it  appears  depend  strongly  on  the  gallium  impurity  concen- 
tration and  also  on  the  concentration  of  the  compensating  impurity  in  the  material. 

For  the  gallium  concentration  of  1.5  x 10*  7 cm-3  the  secondary  slope  is  about  0.007ev. 
The  calculation  of  the  secondary  slope  can  be  approached  using  Ref.  22,  page  113, 


Spectral  responsivity  curves  (such  as  shown  in  Figure  21)  provide  a valuable 
tool  for  the  study  of  the  effects  of  impurity  concentration  and  the  detector  geometry. 
The  responsivity  R is  proportional  to  the  product  Xrj  (see  Eq  2).  The  wavelength 
dependence  of  the  IR  absorption  cross  section  for  a specific  impurity  produces  the 
major  wavelength  variation  of  Rx> 


.] 

I 


22.  Mott,  N.F.  and  Twose,  W.D. , "Theory  of  Impurity  Conduction,"  Advances  in 
Physics,  Vol.  10,  p 107,  1961. 
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WAVELENGTH  (MICROMETERS) 
Figure  21.  Relative  Spectral  Response 


23  TASK  III  - CRYSTAL  MATERIAL  EVALUATION 

The  evaluation  of  the  gallium  doped  and  boron  compensated  single  crystals 
grown  under  this  contract  are  contained  in  this  section.  These  crystals  are  charac- 
terized by  Hall  effect,  resistivity,  lifetime,  IR  absorption,  and  crystallographic 
structure  measurements.  The  Kill  effect  measurements  combined  with  resistivity 
measurements  enable  us  to  determine  mobility  and  carrier  concentration  separately. 

2.3.1  Hall  Effect 

An  electric  field  Ex  is  applied  to  the  Hall  sample  or  Hall  bar  (silicon  doped  with 
impurities)  in  the  x direction  and  a magnetic  field  of  the  strength  Bz  in  the  z direction. 
The  voltage  developed  across  the  bar  is  expressed  as: 


VH  - W Ey  - w*inBzEx  <20) 


I9WVPW 


B = Strength  of  the  magnetic  field  (gauss) 

b 

Ex  = Strength  of  the  electric  field  (volt/ can)  (Ref.  23). 

Expressing  Eq  (20)  in  terms  of  the  Hall  constant  gives 

Vh'1*8*!®  <21> 

where 

Ix  is  the  current  flowing  through  the  bar 
is  the  Hall  constant 

t is  the  thickness  of  the  Hall  bar  (cm) . 

The  Hall  constant  is  expressed  as 

RH  = qn  (cm3/coulomb)  (22) 

where 

q is  the  electronic  charge 

n is  the  free  electron  density. 

The  carrier  mobility,  (u  or  p_)  can  be  obtained  from  the  Hall  measurement  by 

r ** 

= <23> 

or 

p = o Rjj  (cm3/volt  sec)  (24) 

The  Hall  measurement  vs  temperature  gives  the  carrier  concentration  as  a 
function  of  the  temperature  which  can  be  used  to  determine  thermal  activation 
energies  in  the  semiconductor. 


23.  Matare,  H.F.,  "Electronic  Measurements  of  Semiconductor  Material  Param- 
eters," North  American  Aviation,  Anaheim,  CA,  1967. 
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The  mobility  is  the  velocity  of  a charge  per  unit  electric  field  and  is  strongly 
dependent  upon  the  purity  of  the  material,  temperature,  and  the  crystallographic 
quality  of  the  crystal,  la  a perfect  undoped  semiconductor  crystal,  the  charge 
carrier  mobility  would  only  depend  upon  the  lattice  vibrations  of  the  crystal.  As  the 
temperature  increases,  the  excursions  of  the  atoms  from  their  equilibrium  positions 
will  increase  and  the  free  path  and  mobility  will  become  shorter  (Ref.  23  through  27) . 
The  departures  from  perfection  caused  by  the  presence  of  vacant  lattice  sites,  atoms 
in  interstitial  positions,  ionized  atoms,  dislocations,  and  the  surfaces  of  the  crystal 
will  also  have  strong*  effects  on  mobility  particularly  at  the  low  temperatures  of 
importance  for  detectors. 

In  the  early  stages  of  this  program,  impurity  contamination  during  the  vacuum 
float  zoning  was  apparent  (see  Table  3).  Hall  Effect,  resistivity  and  IR  absorption 
measurements  were  performed  to  monitor  the  silicon  purification  process.  Con- 
tamination by  boron  and  other  impurities  was  verified  by  these  tests.  Subsequently, 
several  improvements  were  made  in  the  vacuum  system  of  the  vacuum  float  zoner. 

The  purification  process  now  provides  single  crystals  with  a residual  impurity  con- 
centration of  less  than  2 x 10*2  boron  atoms  per  cm3  and  a calculated  donor  concen- 
tration of  less  than  1011  per  cm3. 

hi  order  to  conduct  Hall  measurements  at  low  temperature  some  special  sample 
preparative  techniques  had  to  be  developed.  An  extensive  analysis  of  Ref.  28  and  29 
yielded  the  four  methods  (listed  below)  for  applying  ohmic  contacts  onto  high  purity 
silicon: 

1.  Aluminum  evaporation  approximately  lp  thick  sintered  at  450®C  for 
30  min.  Measurements  showed  5 to  20  kfl  resistance  independent  of 
the  sample  resistance. 

2.  Laser  drive-in  alloying  of  the  aluminum  and  gold.  This  method  did  not 
improve  the  linearity  of  the  impedance. 

3.  Capacitance  discharge  of  aluminum  or  indium  into  the  silicon.  This 
method  probably  breaks  the  Si02  layer  between  the  silicon  and  the  metal 
and  reduces  the  impedance  providing  linear  voltage  current  characteristics. 

4.  Ion  implantation  of  boron  to  provide  a degenerate  contact  (approximately 
1019/cm3)  followed  by  annealing  at  425  °C,  using  indium  and  spring 
contacts  (Ref.  30). 


24.  Logan,  R.A.  and  Peters,  A.J.,  "Impurity  Effects  Upon  Mobility  in  Silicon," 

J.  Appl.  Phys. , Vol.  31/1,  p 122,  1960. 

25.  Debye,  P.P.,  "Electrical  Properties  of  N-Type  Germanium,"  Physical  Review, 
Vol.  93/4,  p 693,  1954. 

26.  Morin,  F.J.  and  Maita,  J.P. , "Electrical  Properties  of  Silicon  Containing 
Arsenic  and  Boron,"  Physical  Review,  Vol.  96/1,  1954. 

27.  Conwell,  E.M. , "Properties  of  Silicon  and  Germanium:  II,  " Proceedings  of 
IRE,  p 1281,  June  1958. 

28.  Messier,  J.  and  Flores,  J.M.,  "Temperature  Dependence  of  Hall  Mobility  and 
J^/Md  for  SI."  J-  Phys-  Chem.  Solids,  Vol.  24,  p 1539,  1963. 
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The  third  method  gave  the  best  results,  permitting  measurements  down  to  30*  K,  and 
was  applied  on  test  samples. 

Figure  22  presents  the  Hall  mobility  versus  temperature  of  purified  undoped 
float  zoned  crystals.  The  six  pass  crystals  to  follow  the  theoretical  mobility  curve 
for  p-type  silicon  determined  by  lattice  scattering  only.  (Ref.  24.)  Crystal  VZ053 
with  one  vacuum  pass  shows  die  mobility  reduction  due  to  residual  ionized  impurities, 
at  temperatures  below  100  *K. 


TEMPERATURE  <°K) 


▲ P-TYPE  SILICON  WHERE  LATTICE 
SCATTERING  IS  THE  DOMINANT 
MECHANISM  (EXPERIMENTAL^ 

• VZ069  6 PASS  CRYSTAL 
X V2063  6 PASS  CRYSTAL 
■ VZ062  6 PASS  CRYSTAL 
O VZ063  1 PASS  CRYSTAL  (IR&D) 


Figure  22.  Mobility  vs  Temperature  for  Purified  Crystals 


29.  Rideout,  V.  L. , "A  Review  of  the  Theory  and  Technology  for  Ohmic  Contacts  to 
Ghoup  m-V  Compound  Semiconductors, " Solid  State  Electronics,  Vol.  18, 

pp  541-550,  1975. 

30.  Gibbons,  James  F.,  "Ion  Implantation  in  Semiconductors,"  Proceedings  of  the 
IEEE,  Vol.  60,  p 1062,  1972. 
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Figure  23  shows  mobility  versus  temperature  lor  8i:Ga  material  samples  grown 
with  various  n-type  (compensating)  impurities.  All  four  doped  samples  show  a mobility 
reduction  at  low  temperatures  compared  to  the  purified  samples  in  Figure  22.  Ionized 
impurity  scattering  causes  these  reduced  mobilities  (Ref.  24) . The  n-tyge  impurity 
concentrations  in  the  individual  crystals  are  listed  in  Table  10,  column  © . 


2.3.2  Resistivity  Measurements 


A Telepacific  resistivity  tester,  model  TPP-17,  * with  a Signaton  4-point  probe, 
model  S301,  **  was  used  for  the  resistivity  measurements.  This  test  setup  includes  a 
2-point  probe  setup  (made  in-house)  and  a conductivity  type  meter  (N-P  sensor),  model 
TPP-04,  manufactured  by  Telepacific.  This  resistivity  tester  meets  the  wide  range 
of  testing  needs  for  material  up  to  200  kQ  cm.  The  resistivity  tester  indicates 
polarity  and  recognizes  point  contact  and  sample  surface  problems. 


The  conductivity  type  meter  which  determines  the  polarity  of  the  majority  car- 
rier includes  a hot  point  probe  for  low  resistivity  and  rectifying  probe  for  high  resis- 
tivity ranges.  The  very  high  resistivity  capabilities  of  the  resistivity  tester  provide  a 
good  tool  for  measuring  intrinsic  and  very  lightly  doped  silicon  as  the  "zero"  polarity 
point  may  thereby  be  sensed. 

♦Telepacific  Electronics  Inc. , Escondido,  CA 
♦♦Signaton  Corp.,  3012  Lawrence  Expressway,  Santa  Clara,  CA 


Figure  23.  Mobility  vs  Temperature  for  Doped  Crystals 
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The  thickness  of  the  silicon  slice,  which  enters  into  the  calculation  of  wafer 
resistivity,  is  monitored  by  a wafer  thickness  gage  ADE  model  6033.*  This  setup 
works  on  the  capacitance  principle  providing  a noncontact  method  for  wafer  thickness 
identification. 

2. 3.2.1  Four-Point  Probe  - Theory 

The  most  straightforward  method  of  determining  resistivity  is  to  measure  the 
resistance  R (in  ohms)  of  a sample  with  uniform  cross  section  A (in  square  centi- 
meters) and  length  L (in  centimeters),  either  by  applying  a voltage  to  the  sample  and 
measuring  die  resultant  current  or  applying  a current  and  measuring  the  resultant 
voltage. 

hi  making  such  measurements  on  a semiconductor  sample,  it  is  imperative  that 
the  contact  resistance  at  the  end  of  the  sample  is  negligible  compared  with  the  resis- 
tance of  the  sample.  The  process  of  applying  good  contacts  is  time  consuming  and 
often  leads  to  incorrect  measurements.  Using  the  4 -point  probe  method  to  take 
resistivity  measurements  eliminates  these  problems.  In  this  method,  four  equally 
spaced  pressure  contacts  are  so  arranged  that  the  two  outer  contacts  deliver  a current 
through  the  sample  while  the  two  inner  contacts  measure  the  voltage  developed  across 
the  semiconductor  path  used  for  the  current  flow. 

The  resistivity  p , expressed  in  terms  of  AV,  the  voltage  sensed  between  the  two 
inner  probe  points  spaced  at  a distance  s,  is  expressed  as: 

p = 2*SAV  (25) 

Most  4-point  probe  test  stations  have  the  value  of  I,  the  current  through  the 
outer  points,  adjusted  so  that  the  instrument  reads  the  AV  (in  mv)  directly  in  |ficm  | 
after  correct  calibration.  For  example,  our  tester  utilizes  a distance  s between 
probes  of  0.0625  inch  and  a current  through  the  sample  of  10  mA. 

2.3. 2. 2 Bulk  Measurements 

The  grown  single  crystals  undergo  conductivity  and  resistivity  measurements. 
Using  the  N-P  sensor  and  four-point  probes  for  resistivity  values  near  the  intrinsic 
range,  the  surface  condition  of  the  crystal  is  critical  to  the  measurements.  Four- 
point  probe  measurements  taken  at  the  ingot  surface,  may  not  reflect  the  character- 
istics of  the  bulk  silicon  crystal.  The  method  developed  to  achieve  reliable  results  is 
shown  in  Figure  24. 


♦ADE  Corp.,  127  Coolidge  Hill  Rd.,  Watertown,  MA 


50 


f 


OS-1  CM  WIDE 
LAPFEO  STRIP 
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MEASUREMENTS 


Figure  24.  Four-Point  Probe  Position  on  Purified  bigot 

A 0.8  to  1 cm  wide  strip  is  lapped  along  the  crystal.  The  final  grit  used  should 
be  5 n . After  lapping,  the  crystal  is  washed  in  a surface  cleaning  solution  and  rinsed 
in  DI  water.  The  ASTM  Standards  Book,  Volume  43  (F43  and  F84)*  was  consulted  for 
additional  suggestions  on  surface  preparation.  During  the  measurements,  the  4-point 
probe  is  placed  in  the  center  of  the  strip  and  the  data  are  taken  along  the  boule  length. 

An  additional  test  slice  taken  from  the  seed  end  of  the  ingot  can  be  used  to 
correlate  to  the  bulk  data,  bi  this  regard,  the  importance  of  using  a seed  with  as  high 
a purity  as  the  bulk  material  should  be  mentioned  again.  It  avoids  contamination  of 
the  ingot  at  the  seed  end  and  inconclusive  data  from  the  test  slice. 

2.3. 2.3  Resistivity  Measurements  of  Sample  Slices 

When  4-point  probe  resistivity  measurements  are  made  on  small  specimens 
such  as  crystal  slices,  the  nonconducting  surface  boundaries  of  the  specimen  modify 
the  current  paths  introduced  by  the  current  probes.  The  two  center  probes  (the 
voltage  probes)  see  these  changes  as  additional  current  sources.  The  result  is  an 
increased  potential  at  the  voltage  probes  and  an  erroneously  high  measurement  of 
resistivity.  The  effect  of  crystal  boundaries  has  to  be  included  as  a correction  factor 
whenever  a boundary  is  within  a distance  of  about  two  and  one -half  times  the  dimen- 
sions between  the  4-point  probes  (Ref.  23) . 

For  the  case  of  resistivity  with  wafer  thickness  correction  only,  the  relation- 
ship between  the  resistivity  of  the  single  crystal  material,  p , to  the  measured 
resistivity  PQ  is  as  follows: 

p=  P02irsF(W/s)  (26) 


*ASTM  Standards,  American  Society  for  Testing  and  Materials,  1916  Race  St. , 
Philadelphia,  PA. 
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And,  for  the  case  of  resistivity  with  wafer  thickness  and  edge  boundary  correction,  the 
relationship  is 

p = p0  2 tr  s F (W/s)  F (Wj/s)  (27) 

where 

Po  is  the  measured  resistivity 

s is  the  distance  between  contact  points  in  the  4-polnt  probe 

W,  is  the  distance  of  the  4-point  probe  from  edge  boundary 
d 

Wt  is  foe  thickness  of  the  sample 

The  function  F (W/s)  is  plotted  in  Figure  25  for  all  cases  of  practical  importance. 

Data  previously  shown  in  Figures  7 and  8 used  the  correction  factor  shown  in 
Figure  25.  The  data  for  various  sections  of  the  crystals  evaluated  in  this  program 
are  listed  in  Table  10,  oolumns  (2),  (5),  and  (§). 


Figure  25.  Correction  Factor  Applied  in  Resistivity 
Measurements  of  Silicon  Samples 
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2.3.3  Lifetime 


This  section  describes  the  procedures  and  techniques  used  to  measure  the 
recombination  time  of  compensated,  uncompensated,  and  doped  high  purity  silioon. 
(Ref.  31  and  32.)  The  photoconductive  decay  measurement  method  was  employed  and 
all  measurements  were  made  at  room  temperature.  The  light  source  used  to  generate 
excess  carriers  was  either  a TEA  CO2  laser  or  a Xenon  lamp.  Boules,  as  grown,  or 
filaments,  cut  from  a boule,  can  be  accommodated  by  the  test  hardware. 

Because  of  the  great  variation  in  the  resistivity  of  the  test  specimens,  two 
different  test  configurations  were  required  to  make  the  measurements.  Figure  26 
shows  the  test  circuitry  to  be  used  on  the  doped  material,  while  Figure  27  shows  the 
test  circuit  used  for  the  lifetime  measurements  on  the  high  purity  material. 


31.  ASTM  standards.  F 28-66,  Electronics,  Measuring  the  Minority-Carrier 
Lifetime  in  Bulk  Germanium  and  Silicon,  Part  43. 

32.  Keller,  Wolfgang,  "Messung  der  Traegerlebensdauer  in  Siliziumkristallen  mit 
Hochfrequenz,  " Zeitschrift  fur  Angewandte  Physik,  Vol.  n,  September  1969. 
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Figure  27.  Simplified  Schematic  for  High  Purity  Photoconductive  Decay 

Lifetime  Measurements 

2 . 3 . 3 . 1 Short  Lifetime  Measurement  Technique 

A TEA  CO2  laser  focused  in  air  is  used  to  produce  the  excitation  pulses.  A 
TEA  CO2  laser  output  will  nominally  have  a FWHM  envelope  of  200-250  ns.  The 
laser  was  operated  in  a mode  locked  manner.  This  produces  a train  of  2 ns  pulses. 
They  occur  every  15  ns  and  fill  the  200-250  ns  envelope.  By  focusing  in  air,  the 
energy  density  at  the  focus  is  so  high  that  the  air  is  ionized  and  the  plasma  turns  off 
the  beam  after  a couple  of  2 ns  pulses.  The  ionized  air  radiates  over  a broad  spec- 
trum. Since  the  optical  components  are  tuned  for  10.6  pm  energy,  the  ionization  of 
the  air  shortens  the  200-250  ns  envelope  to  tens  of  nanoseconds.  To  avoid  distortion 
of  the  decay  time  constant,  a high  frequency  probe  was  used  to  couple  to  the 
oscilloscope.  The  scope  was  synchronized  to  the  flash  rate,  and  the  time  base  and 
gain  controls  were  adjusted  to  display  a single  time  constant. 

2. 3. 3. 2 Long  Lifetime  Measurement  Technique 


The  technique  employed  was  one  suggested  by  Wolfgang  Keller  in  1959  (Ref.  32). 
Basically,  the  scheme  involves  detecting  and  displaying  the  decay  of  a 35  MHz  carrier 
frequency  modulated  by  the  generation  and  recombination  of  excess  carriers  (intro- 
duced by  photoexcitation)  in  the  test  specimen.  As  shown  in  Figure  27,  a high  fre- 
quency current  is  capacitatively  coupled  to  the  ingot.  The  advantage  of  this  method 
is  that  the  test  sample  does  not  require  the  application  of  contacts  and  the  ingot  can 
be  measured  while  wrapped  in  a protective  plastic  cover,  thus  avoiding  contamination 
by  handling. 


Purified  crystals  (see  Table  10,  column  (5)  ) measured  140-200  psec  and  one 
purified  crystal  oounterdoped  with  manganese  for  boron  compensation  showed  a life- 
time of  28  pace  (St:ltn  experiment  GZ068). 

2.3. 3.3  Mtaority  Carrier  Lifetime  Data 

Minority  carrier  lifetime  up  to  1500  psec  have  been  measured  in  purified 
(|Na  - Nq|  ~ 1012  ojq-3)  dislocation  free  float  cone  silicon  single  crystals  (Ref.  32) . 
Data  obtained  from  purified  crystals,  grown  on  this  program,  measured  only 
100-400  psec  and  high  dislocation  density  was  correlated  to  these  lower  lifetime 
values.  T.  Noack  (Ref.  33)  reports  on  the  negative  factors  affecting  lifetime,  such 
as  dislocations,  contaminations,  vacancies  and  small  angle  boundaries.  He  states 
the  relation  between  dislocation  density  and  lifetime  as 

N^t  = 15  (sec  cm  (28) 


where 


= dislocation  density 


and 


t = lifetime  in  seconds. 

Lifetime  data  from  the  crystals  listed  in  Table  10,  then  imply  a dislocation  density  of 
3.75  x 104  - 1.6  x 10®  cm"2.  Hits  agrees  with  data  from  dislocation  density  mea- 
surements reported  in  para.  2. 3. 5. 2 

2.3.4  IR  Measurements 

The  impurity  concentrations  in  the  silicon  crystals  were  Investigated  by  infrared 
absorption,  using  both  room  temperature  and  low  temperature  techniques.  In  addition, 
the  IR  response  method  was  used  to  determine  the  spectral  sensitivity  of  detectors 
fabricated  from  boron  compensated  gallium  doped  crystals. 

Three  test  arrangements,  available  at  Rockwell,  were  utilized  for  silicon 
crystal  characterization  by  IR  absorption.  These  test  methods  are  described  in  the 
following  paragraphs  and  the  test  data  are  presented  in  Table  10. 


33.  Noack,  T.,  "Measurement  of  Minority  Carrier  Lifetime  in  Silicon  of  Low 
Dislocation  Density,"  Phys,  Stat. , Vol.  32,  K17,  1969. 
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*pp.  121-122. 


2. 3. 4.1  IR  Spectral  Response  with  the  Perldn-Elmer  112 

A Perkin-Elmer  112*  spectrophotometer  (Figure  28)  with  a wavelength  range 
from  2 to  35  pm  Is  in  routine  use  to  measure  the  relative  spectral  response  of  all 
extrinsic  detectors  fabricated  and  tested  at  the  Rockwell  material  laboratory.  The 
spectral  response  of  gallium  doped  detectors  from  this  program  measured  at  5*K  is 
shown  in  Figure  29. 

hi  addition  to  the  monochromatic  IR,  the  optical  system  supplies  a background 
flux  0 which  is  also  absorbed  by  the  gallium  and  boron  impurities.  The  effects  of 
this  background  flux  on  detector  properties  under  various  temperature  conditions  are 
discussed  in  App.  A,  p|>.  121-122.  Application  of  this  theoretical  treatment  to  the  conditions 
under  which  the  spectral  response  data  were  taken  (108  < 0 < 10l»  photons/cm*  sec) 
indicates  that  both  the  boron  and  gallium  impurities  are  only  slightly  ionized.  The 
detector  under  these  conditions  will  show  a response  proportional  to  the  boron  con- 
centration in  the  appropriate  spectral  region. 


Figure  30  shows  the  charge  state  of  the  levels  for  very  low  background^ 

(e  « 4 min),  where  the  Fermi  distribution  applies.  For  a sufficiently  high  back- 
ground sSthat  0 » 0mln,  the  charge  state  distribution  of  the  levels  determined 
by  the  photon  flux  spectrum,  the  values  of  the  photon  absorption  cross-sections  for 
Ga  and  B and  their  hole  capture  cross-sections. 


The  high  background  case  shown  would  apply  to  a background  spectrum  having 
a sufficient  number  of  photons  available  for  absorption  by  both  neutral  boron  and 
gallium  impurities. 


The  response  spectrum  at  wavelengths  longer  than  about  20  pm  is  due  to 
photoionization  of  the  boron  centers.  A prominent  feature  of  this  region  is  a spectral 
peak  at  31.3  pm  (320  cm”1).  A strong  absorption  peak  is  observed  at  this  energy 


PflEAMPLIFER  WAVE 


"l  - RD 

Figure  28.  Sketch  of  Measurement  Apparatus  for  Relative  Spectral  Response 
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Figure  29.  Residual  Boron  Concentration  Detected  in  the  Relative 
Spectral  Response  of  Si:Ga  Detectors 


Iln  the  absorption  spectrum  of  boron  acceptors  (Ref.  34  through  37)  and  is  due  to  a 

transition  of  a hole  from  the  ground  state  to  a bound  excited  state  lying  about  40  cm'1 
below  the  ionization  limit.  Although  some  contribution  to  the  photoconducting  from 
this  absorption  line  is  expected,  presumably  due  to  a thermal  or  hot  carrier  ioniza- 
tion from  the  excited  state,  it  is  surprising  that  it  is  so  strongly  exhibited  here,  fa 

Iany  event,  as  a means  of  analysis,  the  magnitude  of  the  spectral  response  due  to  the 
boron  at  31.3  pm  was  normalized  to  the  gallium  photoresponse  at  15  pm  which,  for 
all  samples,  was  in  the  range  of  4 to  5 x 1016  cm"3.  The  normalized  boron  response 
data  are  plotted  in  Figure  31  against  boron  concentration  data  obtained  by  Fourier 


34.  Kolbesen,  B.O.,  "Simultaneous  Determination  of  the  Total  Content  of  Boron  and 
Phosphorus  in  High  Resistivity  Silicon  by  L R.  Spectroscopy  at  Low  Tempera- 
tures, " Appl.  Phys.  Letters,  Vol.  27/6,  p 353,  1975. 

35.  Pajot,  B.,  "Impurity  Lines  of  Boron  and  Phosphorus  in  Silicon,"  J.  Phys.  Chem. 
Solids,  Vol.  25,  p 613,  1964. 

36.  Hrostowski,  H.J.  and  Kaiser,  R.H.,  "Infrared  Spectra  of  Gbroup  HI  Acceptors 
in  Silicon,"  J.  Phys.  Chem.  Solids,  Vol.  4,  p 148,  1958. 

37.  Burstein,  E.,  Picus,  G.,  Henvis,  B.  and  Wallis,  R.,  "Absorption  Spectra  of 
Impurities  in  Silicon  I,"  J.  Phys.  Chem.  Solids,  Vol.  1,  p 65,  1956. 
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PERCENT  SPECTRAL  RESPONSE  OF  RESIDUAL  BORON 
Si  :Ga  (6  x 1016em'3) 


Figure  31.  Boron  Concentration  by  Spectral  Response 
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transform  absorption  spectroscopy.  Clearly  the  data  are  insufficiently  accurate 
(e.g. , they  do  not  even  show  a linear  relationship  between  the  boron  concentration  and 
spectral  response)  to  provide  more  than  an  approximate  measure  of  boron 
concentration. 

2. 3. 4. 2 IR  Absorption  Measurements  with  Beckman  FS-720 

A Beckman  FS-720  Fourier  Transform  Spectrophotometer*  was  used  to  make 
the  IR  absorption  measurements.  It  was  connected  to  a PDP-ll/05  digital  computer 
with  a 16K  word  memory,  a high  speed  papertape  input-output,  and  analog  CRT  and 
graphic  display  capabilities.  The  programmed  resolution  limit  on  the  current  data 
is  1.25  wave  numbers,  although  the  maximum  possible  resolution  limit  for  this 
system  is  0.05  to  0.1  wave  numbers.  The  detector  was  a doped  silicon  bolometer 
operated  at  1.2°K.  The  cryostat  has  sufficient  space  to  accommodate  samples 
greater  than  10  cm  long  at  this  low  temperature. 

While  investigating  the  residual  boron  concentrations  in  the  crystals,  we 
experimented  with  measurements  using  the  Kolbesen  absorption  method.  (Ref.  34.) 
This'  spectroscopic  method  provides  a simultaneous  analysis  of  the  total  phosphorus 
and  boron  content  in  as-grown  silicon  samples.  At  low  temperatures,  the  absorption 
spectrum  of  neutral  donors  or  acceptors  consists  of  a series  of  bands  at  energies 
lower  than  the  ionization  energies  of  the  impurities  in  silicon,  e.g. , for  B and  P 
in  the  200  to  400  cm-1  (25  to  50  pm)  region.  Generally,  only  the  uncompensated 
centers,  |N^  - Nq)  , of  the  total  content  of  acceptors  and  donors  contribute  to  the 
absorption  spectrum.  5 the  sample  is  excited  simultaneously  by  light,  which  causes 
fundamental  band  transitions  (intrinsic  radiation),  electron-hole  pairs  are  generated. 
These  electrons  and  holes  then  refill  unoccupied  donor  and  acceptor  levels  and 
practically  the  total  concentration  of  donors  and  acceptors  can  be  observed  in  the  IR 
spectrum. 

A sample  from  crystal  VZ059  was  selected  to  test  the  sensitivity  of  the  Fourier 
Transform  technique.  The  IR  absorption  curve  to  detect  the  residual,  uncompensated 
boron  is  shown  in  Figure  32.  From  the  spectral  shape  the  sample  temperature  is 
presumed  to  be  10°K  or  less.  The  absorption  spectrum  (without  band  gap  light) 
includes  two  boron  line  spectra  peaks  at  278  and  320  em“*.  (Ref.  36  and  37 .)  Using 
the  peak  at  320  cm-*,  the  absorption  coefficient  was  calculated  as 

T 

a =i-ln-^  = 0.016  cm"1 

t - sample  thickness  (cm) 

T = transmission  for  undoped  sample  (%) 

o 

T = transmission  for  doped  sample  (%) 


♦Beckman  Instruments,  2500  N.  Harbor  Blvd. , Fullerton,  CA. 


Figure  32.  Optical  Transmission  Spectrum  of  a 6.7  cm 
Thick  Sample  of  Si:B 
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Correlating  this  experiment  with  data  reported  by  Kolbesen  (Ref.  34)  and  Pa  jot 
(Ref.  35)  (see  Figure  33),  the  10  percent  absorption  at  320  cm-1  in  the  6.7  cm  long 
sample  corresponds  to  approximately  6 x 101-1  cm-3  boron.  The  noise  level  in 
Figure  32  indicates  a minimum  detectable  concentration  at  this  sample  of  approxi- 
mately 1 x 1011  atoms/cm3. 

Figure  34  shows  the  relative  absorption  of  two  identical  silicon  samples  of 
different  lengths.  By  reducing  the  sample  length  by  half,  the  absorption  strength  is 
reduced  by  the  same  amount  verifying  that  all  samples  have  been  uniformly  pumped 
by  band  gap  light,  hi  addition,  experiments  decreasing  the  intensity  of  the  pump 
light  showed  no  reduction  of  the  intensity  of  the  absorption,  indicating  that  die 
impurity  states  were  all  neutralized.  Further  investigation  into  the  validity  of  this 
test  method  is  shown  graphically  in  Figure  35,  which  presents  Fourier  transform 
spectra  of  a material  sample  (3  cm  long)  from  crystal  GZ073  Si:Ga  (B:Sb). 

Nb  and  Ng  of  the  four  test  crystals  (Table  10)  was  obtained  from  Figure  33 
using  experimental  transmission  values  to  calculate  the  absorption  coefficient  . 

These  boron  and  boron  compensation  data  were  compared  with  test  data  from 
4-point  probe  resistivity  and  Hall  measurements  (Table  10,  columns  (2)  through  (5)) . 
There  is  good  agreement  between  the  relationship  of  absorption  coefficient  and  total 
boron  concentration  found  here  and  in  prior  data.  Compensated  samples  (e.g.  Sb  and 
Mg)  showed  the  expected  increases  in  absorption  due  to  band  gap  pumping. 
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DATA  POINT 

1 VZ063  PURIFIED 

2.3.4  GZ073  Si  :Ga  (B  :Sb) 

6 GZ076Si  :Ga  (B  :Mn) 

6 GZ077  Si  :Ga  (B  :Mg) 

7.8  GZ079  Si  :Ga  (B  :Li) 

G TEST  CRYSTAL  VZO60 


ABSORPTION  COEFFICIENT  (cm1) 

Figure  33.  Boron  Concentration  in  Silicon  by  Fourier  Transform 
Absorption  Measurements  at  320  cm’1 


Samples  from  crystal  (GZ077  Si:Ga  (B:Mg)  did  not  provide  satisfactory  infrared 
measurements.  Crystal  GZ079,  counterdoped  with  lithium,  showed  no  compensation 
by  IR,  while  resistivity  and  Hall  data  measured  Nd  > Na  with  a lithium  concentration 
of  5 x 1013  cm-3  compared  to  a boron  concentration  of  1.4  x 1012  cm-3.  The  second 
pass  on  this  crystal  showed  a reduction  of  the  lithium  to  3 . 81  x 1012  cm-3,  which 
should  still  be  sufficient  to  compensate  a boron  concentration  of  1.9  x 1012  cm-3,  but 
compensation  could  not  be  verified  by  IR  measurement. 


2. 3. 4. 3 Carbon  and  Oxygen  Concentration 


Infrared  absorption  spectroscopy  has  been  used  to  determine  the  oxygen  and 
carbon  content  of  single  crystal  silicon  material.  Interstitial  oxygen  could  be  detected 
with  absorption  bands  at  1130  cm’1  (9  pm)  (Ref.  38,  39,  40)  and  substitutional  carbon 


38.  Runyan,  W.R. , Silicon  Semiconductor  Technology,  T.I.  McGraw-Hill,  N.Y. , 
1965. 

35.  Kaiser,  W.,  Keck,  P.H.  and  Lange,  C.F.,  "Infrared  Absorption  and  Oxygen 
Content  in  Silicon  and  Germanium, " Physical  Review,  Vol.  101/4,  p 1264,  1956. 
40.  Gross,  C.  and  Gaetano,  G.,  "Comparison  of  Infrared  and  Activation  Analysis 
Results  in  Determining  the  Oxygen  and  Carbon  Content  in  Silicon,  " J.  Electro- 
Chem.  Soc.t  Vol.  119,  p 926,  1972. 
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Figure  35.  Transmission  Speetra  of  a 3 cm  Thick  Sample  of  Si:Ga  (B:Sb) 


at  607  cm-1  (12.6  pm).  (Ref.  40  through  43.)  The  differential  method  was  used  on  a 
double  beam  IR  Spectrometer  at  room  temperature  (Beckman  Model  Acculab  6)*  com- 
paring concentration  values  in  samples  placed  in  both  sample  and  reference  beam. 
Dow  Corning  supplied  us  with  silicon  standards  for  oxygen  and  carbon  detection. 

2. 3. 4.4  Carbon 

Dow  Corning  specified  the  carbon  concentration  of  the  polysllioon  lot  used  in 
this  contract  at  <3  ppm  (parts  per  million)  and  quoted  to  us  a carbon  detection  limit 
of  0.3  ppm. 


* Bee  km  an  Instruments,  2500  N.  Harbor  Blvd. , Fullerton,  CA. 

41.  Baker,  J.A.  and  Tucker,  T.N.,  "Effect  of  Carbon  on  the  Lattice  Parameter  of 
Silicon,  "J.  of  Appl.  Phys.,  Vol.  39/9,  p 4365,  1968. 

42.  Schink,  N. , "Concerning  the  Carbon  Content  in  Semiconductor  Silicon, " Solid 
State  Electronics,  Vol.  8,  p 767,  1965. 

43.  Ducret,  L.  and  Cornet  C. , "A  New  Method  for  the  Determination  of  Micro- 
quantities of  Carbon  in  Semiconductors:  Application  to  Silicon  and  Germanium, " 
Centre  National  d'Etudes  Dea  Telecommunications  Issy  Les  Moulineaux,  Seine, 
France,  p461. 
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Polished  crystal  slabs  of  uniform  and  equal  thickness  from  a polyrod,  a purified 
crystal,  and  a doped  single  crystal  were  measured  against  the  calibrated  standards 
(Figure  36) . All  three  samples  showed  an  impurity  concentration  below  the  detection 
limit.  It  can  be  concluded  that  the  first  exposure  to  the  carbon  preheater  in  the 
vacuum  furnace  and  the  second  exposure  during  the  start  in  the  gas  float  zones  do  not 
raise  the  carbon  level  above  0.3  ppm,  the  detection  limit.  It  is  assumed  that  the 
variation  between  the  mass  spectroscopy  data  of  Dow  Corning  and  our  IR  absorption 
data  are  within  the  range  of  averaging  data  for  one  large  material  lot.  Dow  Corning 
also  stated  that  analysis  of  the  poly  material  is  not  accurate  to  the  desired  levels  due 
to  impurity  collection  in  the  grain  boundaries. 


2. 3. 4. 5 Oxygen 


A method  similar  to  that  used  for  the  carbon  detection  was  also  used  to  measure 
the  change  in  the  oxygen  content  of  the  crystals  during  the  various  processing  steps. 
The  oxygen  content  of  the  poly  material  was  specified  as  below  4.4  x 1016  cm-3. 
Samples  of  poly  material,  purified  material,  and  compensated  and  gallium  doped 
material  were  measured  and  compared  to  the  oxygen  standards.  No  oxygen  could  be 
detected  in  any  of  the  material. 


These  results  (see  Figure  37)  are  within  the  range  of  expectation.  Low  carbon 
and  oxygen  concentration  or,  better,  the  avoidance  of  adding  these  two  impurities  into 
the  silicon  is  a great  advantage  of  the  float  zoning  process  over  the  Czochralski 
method. 


ALL  POINTS  ARE  SAMPLE  STANDARDS 
MEASURED  AT  607  cm'1 


A - 20x10,7cm'3 


B - 206  x 1017  cm'3 


C - 6JS  x 101®  cm-3 


2 1018 


| 1017 

I 

5 


DETECTION  LIMIT  FOR  CARBON 


00  PPM  =»  10  x 101®  cm-3 


ABSORPTION  COEFFICIENT  (cm*1) 


Figure  36.  Carbon  Concentration  by  IR  Absorption 
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2.3.5  Crystallographic  Quality 

The  crystallographic  quality  of  the  ingots  was  investigated  by  the  X-ray  diffrac- 
tion method  for  correct  orientation,  Secco  etching  for  dislocation  evaluation,  and 
X-ray  topography  for  bulk  material  characteristics.  The  results  are  discussed  in  the 
following  subsections. 

2.3.5. 1 Crystal  Orientation 

The  crystallographic  orientation  on  various  crystals  grown  in  the  vacuum  and 
the  gas  zoners  was  checked  by  the  X-ray  diffraction  (Laue)  method.  The  maximum 
deviation  from  the  reference  pattern  was  0.8  percent.  All  crystals  were  grown  in 
< 100  > orientation. 

2. 3. 5. 2 Etch  Pit  Density 

After  Secco  (Ref.  44)  etching  both  the  purified  crystals  (grown  in  the  vacuum 
float  zoner)  and  the  doped  crystals  (grown  in  the  gas  float  soner),  the  etch  pit  densities 
were  measured.  Vacuum  float  zone  crystals  VZ053,  VZ059,  and  VZ064  showed  an 
etch  pit  density  in  the  range  of  104  to  5 x 10s  cm-2.  Single  crystals  grown  in  the  gas 
float  zoner  were  evaluated  from  crystals  GZ076  and  GZ077  (Table  10).  There  again, 
the  etch  pitch  density  is  in  the  range  of  104  to  10s  cm-2. 


44.  Secco  d'Aragona,  "Dislocation  Etch  for  (100)  Planes  in  Silicon, " J.  Electrodium. 
Soc.,  Vol.  119,  p 948,  1972. 
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This  undesirable  growth  condition  had  two  main  causes. 

1.  The  furnaces  were  not  on  isolation  pads  and  the  building  around  the  crystal 
room  contains  large  power  equipment.  To  improve  this  condition,  some 
crystals  were  grown  at  night  under  reduced  external  vibration  conditions, 
but  the  improvement  was  not  enough  to  justify  this  schedule. 

2.  The  power  control  on  the  two-float  zoners  needed  to  be  upgraded.  It  did 
not  provide  sufficient  sensitivity  to  make  small  power  changes  when  growing 
the  thin  neck  of  the  crystal. 

Both  of  these  problems  will  be  corrected  with  a relocation  and  modification  of  the 
zoners. 

2. 3. 5. 3 X-Ray  Topography 

X-Ray  diffraction  topography  provides  a means  of  obtaining  photographic  images 
of  crystalline  materials,  hi  general,  an  X-ray  is  incident  on  a specimen,  which  is 
oriented  to  satisfy  the  conditions  for  diffraction  from  a particular  set  of  atomic  planes 
having  Miller  indices  (hkl) . The  diffracted  beam  is  recorded  on  a photographic  film 
or  plate  to  form  the  topographic  image.  A perfect  crystal  would  give  rise  to  a topo- 
graph having  a uniformly  grey  appearance.  The  contrast  effects  observed  in  topographs 
are  due  to  the  presence  of  crystal  imperfections  in  the  specimen. 

One  of  the  best  known  topographic  methods  is  the  one  developed  by  Lang  (Ref.  45) 
and  used  in  our  analysis.  The  apparatus  is  shown  in  Figure  38.  The  X-ray  beam  from 

45.  Lang,  A.R. , "Studies  of  Individual  Dislocations  in  Crystals  by  X-Ray  Diffraction 
Microscope,  " J.  of  Appl.  Phys.  30,  p 1748,  1959. 
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Figure  38.  Transmission  Lang  Topographic  Geometry 


a geometrically  small  source  is  collimated  by  the  slit  and  impinges  upon  the 
specimen  crystal.  Ka  characteristic  radiation  is  generally  used  and  the  specimen 
is  set  to  diffract  this  radiation  in  transmission,  i.e.,  the  incident  beam  enters  one 
side  of  the  wafer-like  specimen  and  the  diffracted  beam  exits  through  the  opposite 
face,  hi  Figure  38,  the  diffracting  planes  are  perpendicular  to  the  specimen  faces. 
This  is  the  symmetric  case  where  the  incident  and  the  diffracted  beams  make  equal 
angles  with  the  specimen  face. 

The  diffracted  beam  is  recorded  on  the  photographic  plate.  Since  the  X-rays 
do  not  provide  any  magnification,  the  plate  must  be  very  fine  grained  to  allow  for 
subsequent  magnification  by  optical  means.  The  beam  that  is  incident  on  the  crystal 
is  very  narrow.  To  record  a topographic  image  of  a complete  wafer,  the  Lang 
camera  includes  a mechanism  for  translation  of  specimen  and  plate. 

Figure  39  is  a Lang  transmission  topograph  of  a gallium  doped  silicon  wafer  in 
<100>  orientation.  The  wafer  (from  GZ077)  was  about  12  mils  thick,  and  the  topo- 
graph was  made  with  MoKa  radiation  using  the  (022)  reflection.  The  exposure  was 
made  using  Ilford  Nuclear*  plates,  G-5  emulsion,  50  p thick  and  was  of  the  order  of 
8 hours. 


♦Ilford,  Ltd.,  Ilford,  Essex,  England. 


Figure  39.  Lang  Transmission  Topograph  of  Si:Ga  Wafer,  <100>  Orientation, 

MoKa  Radiation,  (022)  Reflection 
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The  wafer  shown  in  Figure  39  shows  a dislocation  density  of  approximately 
1 x 104  cm-2.  The  converging  lines  directed  from  the  outside  of  the  wafer  toward 
the  center  are  arranged  in  90  deg  intervals.  These  lines  are  dislocation  lines, 
branching  out  into  lines  with  a diminished  number  of  defects  in  the  center  of  the 
wafer. 

The  two  areas  indicated  by  A and  B in  Figure  39  were  Seeco  etched  and  photo- 
graphed with  a 500  magnification.  The  results  are  shown  in  Figure  40  and  41, 
respectively.  Figure  40  shows  the  diminished  number  of  defects  in  the  center, 
while  Figure  41  shows  an  area  between  the  converging  lines.  This  slightly  marbled 
structui  e in  the  topograph  (enlarged  in  Figure  40)  corresponding  to  a dislocation 
density  of  approximately  103  cm*12. 


Figure  40.  Diminishing  Number  of  Figure  41.  Dislocation  Lines. 

Defects  in  Center  of  Wafer,  500X  500X 
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2.4  TEST  RESULTS  AND  CONCLUSIONS 


The  LADIR  material  project  has  developed  a process  for  producing  highly 
purified,  boron  compensated,  gallium  doped  single  crystals.  This  task  was  structured 
into  the  following  steps: 

1.  Purification  by  vacuum  float  zoning  to  a donor  (phosphorus)  level  of  less 
than  10  percent  of  the  residual  boron.  The  boron  acceptor  content,  which  is 
not  affected  by  the  vacuum  float  zoning  process,  determined  the  resistivity 
of  the  purified  crystal. 

2.  Compensation  of  boron  by  adding  the  calculated  amount  of  n-type  dopant 
during  the  final  growth  in  the  gas  zoner. 

3.  Simultaneous  addition  of  the  desired,  calculated,  and  accurately  weighed 
amount  of  gallium  dopant. 

4.  Test  and  verification  of  the  process  developed  in  steps  1,  2,  and  3,  and  its 
influence  on  detector  performance. 

The  experimental  work  done  on  this  program  is  summarized  in  Table  10.  The 
recommended  counterdopant  for  the  residual  boron  concentration  is  antimony  (Sb). 

This  impurity  has  characteristics  that  are  compatible  with  the  other  impurities  in  the 
material  as  well  as  the  ones  used  during  the  on-chip  microelectronics  processing. 
Antimony  is  easy  to  introduce  into  the  silicon  ingot  during  the  doping  process  because 
it  can  be  added  in  elemental  form  or  incorporated  as  a master  dopant. 

2.4.1  Crystal  Growth  Program 

The  experimental  program  for  crystals  grown  with  the  various  eounterdopants 
to  compensate  the  residual  boron  was  illustrated  in  Figures  1(>  and  17.  An  example 
of  the  results  is  presented  in  Figure  42.  All  four  crystals  grown  for  the  program 
had  their  data  correlated  as  shown  in  Figure  42  for  crystal  GZ  079.  A section  ol 
the  crystals  counterdoped  w ith  Mg  and  Li  received  a second  pass  in  the  gas  zone 
floater  in  order  to  investigate  a possible  sweeping  effect  on  the  B X complex.  These 
crystals  supplied  test  samples  as  follows: 

1.  Material  from  the  section  doped  for  boron  compensation  only  (portion  A, 
Figure  42). 

2.  Material  from  the  section  doped  with  gallium  and  the  compensating  impurity 
(portion  B,  Figure  42). 

3.  Material  from  the  section  (seed  end)  grown  during  a second  pass  in  the  gas 
float  zoner  (portion  C,  Figure  42). 
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2.4.2  Work  Summary  Data  Discussion 


The  four  single  crystals  (boron  compensated  and  gallium  doped)  listed  in 
Table  10,  provided  samples  for  material  characterization  and  detector  fabrication. 
Resistivity,  Hall  measurement,  lifetime,  IR  absorption,  and  photo-conductive 
spectral  response  data  are  listed  in  this  table.  The  gallium  impurity  concentration 
of  4 to  5 x 10*6  cm~3  used  for  all  doped  crystals  in  this  contract  was  previously 
selected  as  optimum  for  the  LADIR  program. 


Short,  general  descriptions  and  evaluations  of  the  crystals  with  the  various 
boron-counterdopants  will  now  be  presented.  This  is  followed  by  the  evaluation  of 
the  relevant  detector  data. 


2. 4. 2.1  Antimony  for  Boron  Compensation,  GZ  -73 


The  purified  crystal  VZ064  used  for  the  GZ073  crystal  growth  had  a higher 
boron  concentration  than  originally  measured  on  the  vacuum  zone  refined  boule. 
Measurement  problems  precluded  determination  of  the  proper  concentration  of 
antimony  to  be  used  for  boron  compensation.  IR  data  (see  Table  10)  showed  a low 
boron  compensation  ratio. 


= 0.28 
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where: 


N,^  is  the  antimony  concentration 

Ng  is  the  boron  concentration 

Antimony  is  easy  to  add  to  the  silicon  ingot  either  in  elementary  form  or  as 
master  dopant.  A small  piece  of  master  dopant  crystal  was  used  as  a dopant  in 
crystal  GZ073  (see  Table  3). 

Antimony  has  a segregation  coefficient  of  2. 3 x 10  ^ (see  Table  2)  which  results 
in  an  even  impurity  distribution  along  the  boule.  The  solubility  limit  is  larger  than 
1019  cm-3  at  the  melting  point  of  silicon  (1420°  C).  The  diffusion  constant  of  this 
impurity  is  2 x 10"13  cmVsec  at  1000°  and  1200° C (see  Table  2)  which  is  compatible 
with  microelectronics  processing.  However,  in  comparing  detector  test  results  from 
GZ  073  (Si:Ga,  B:Sb)  with  that  of  crystals  with  boron- phosphorus  compensation,  no 
outstanding  advantages  could  be  identified. 

2. 4. 2. 2 Manganese  for  Boron  Compensation,  GZ  076 

Manganese  has  a segregation  coefficient  of  10  ® and  a solubility  limit  of 
5 x 1016  cm"**  at  the  melting  temperature  of  silicon.  It  is  not  a commonly  used 
dopant  in  silicon.  The  very  low  distribution  coefficient  of  10"5  lends  itself  well  to 
doping  at  low  concentration  levels  and  should  produce  an  even  distribution  along  the 
crystal  boule.  Manganese  is  a deep  level  impurity  in  silicon.  It  has  a high  diffusion 
coefficient  of  approximately  2 x 10“ ' cm2/sec  at  1200®  C.  This  high  diffusion  coeffi- 
cient suggests  that  manganese  diffuses  interstitially  in  the  silicon  lattice,  but  Schibli 
and  Milnes  (Ref.  46)  report  manganese  in  substitutional  positions  if  vacancies  are 
available.  The  diffusion  coefficient  is  considerably  larger  than  boron,  phosphorus, 
and  gallium.  This  implies  an  undesirable  accelerated  out  diffusion  of  manganese 
atoms  at  wafer  processing  temperatures. 

A test  slice  from  the  ingot  section  containing  only  boron  and  manganese  impuri- 
ties was  measured  by  4-point  probe  (n-type,  11  kQcm)  and  cycled  through  a high 
temperature  (1000®  C)  annealing  process  similar  to  a contact  fabrication  process. 

After  remeasuring,  it  showed  p-type  conductivity  and  a resistivity  of  4. 5 kflcm,  indi- 
cating out  diffusion  of  the  n-type  impurity  manganese,  exposing  the  boron  level. 

Therefore,  manganese  cannot  be  considered  a desirable  element  for  stable  boron 
compensation  in  silicon. 

2. 4. 2. 3 Magnesium  for  Boron  Compensation,  GZ  077 

Magnesium  as  an  n-type  impurity  was  considered  for  boron  compensation 
because  it  may  complex  with  boron  atoms  as  Mg+B  . Experiments  to  inves  tigate 
the  behavior  of  magnesium  atoms  in  silicon  containing  residual  boron  were  described 
in  section  2.2.1,  and  the  data  were  listed  In  Table  5.  The  added  magnesium  con- 
centration was  calculated  as  approximately  lO^cm  3 compared  with  residual  boron 

46.  Schibli,  E.  and  Milnes,  A.  G. , Deep  Impurities  in  Silicon,  Master  Sci  Eng. 

Vol.  2,  p 173,  1967. 


concentration  of  2 x 10*2  cm  measured  in  the  purified  crystal.  Room  temperature 
Hall  measurements  indicated  the  impurity  concentration  |N^  - Nd|  to  be  3.6  x 1013 
cm-3,  i.  e. , greater  than  the  residual  boron  concentration.  IR  measurements  also 
indicated  a smaller  than  desired  Mg  concentration  has  been  incorporated  in  the 
crystal.  The  inability  to  add  sufficient  magnesium  during  the  float  zoning  process 
to  compensate  the  residual  boron  eliminated  magnesium  as  a useful  compensation 
impurity. 


2. 4. 2. 4 Lithium  for  Boron  Compensation,  GZ  079 

The  solubility  of  lithium  in  doped  silicon  crystals  markedly  exceeds  that  in 
the  undoped  material.  Experimental  investigations  (Figure  11)  showed  a solubility 
dependence  on  the  boron  concentration  in  silicon.  These  experiments  were  made 
with  silicon  containing  a boron  concentration  from  10*7  to  1019  cm-3  and  diffusion 
temperatures  5 1150®  C.  This  program  has  extended  these  experiments  to  lower 
boron  concentrations,  approximately  1013  to  1012  cm-3.  These  experiments  are 
also  described  in  para  2.2.1,  and  the  results  are  listed  in  Table  6.  The  lithium 
concentration  of  5.4  x lO*3  cm-3,  (see  Table  10,  GZ  079,  Column  3)  is  more  than 
10  times  the  boron  concentration  in  the  crystal  (Nboron  = 1.4  x 1012  cm-3). 
Conductivity- type  measurements  showed  this  crystal  to  be  n-type.  Compensation 
could  not,  however,  be  verified  by  IR  measurements  and  complexing  with  other 
atoms  is  suspected. 

An  attempt  was  made  to  prove  this  theory  by  adding  another  zone  pass  on  the 
crystal  segment  containing  boron  and  lithium  impurities  only  (Figure  15).  The 
lithium  concentration  was  reduced  by  the  float  zone  pass;  however,  IR  measurements 
showed  that  the  remaining  Lithium  did  not  compensate  the  boron  present. 

Lithium  did  not  seem  to  form  the  desired  Li+B~  complex  at  the  low  boron  con- 
centration and  did  not  create  a complex  sweep-out  effect  that  would  reduce  the  boron 
concentration.  In  addition,  lithium  has  a diffusion  coefficient  that  is  much  higher 
than  the  other  elements  in  silicon  (see  Table  2).  Therefore,  lithium  was  eliminated 
as  a choice  for  the  counterdopant  for  the  residual  boron  in  float  zoned  silicon  crystals. 

2.4.2. 5 Neutron  Transmutation  Doping  for  Boron  Compensation 

One  crystal  purified  by  four  vacuum  passes  and  doped  to  a gallium  concentration 
of  approximately  5 x 1016  cm-3  was  grown  for  the  transmutation  doping  experiment. 
This  crystal  Identified  as  GZ  156  was  dedicated  to  provide  detector  grade  silicon 
wafer  material  with  Nph08phorug/Nboron  ratios  of  from  1 to  20. 

Identification  data  of  the  crystal  are  listed  in  Table  11.  Table  12  lists  the 
wafers  provided  to  MURR  for  the  planned  irradiation  procedure.  The  topography 
data  verify  the  gallium  doping  uniformity  along  the  boule,  and  Figure  43  verifies  it 
across  the  wafer  diameters.  The  Impurity  distribution  of  the  residual  boron  in  this 
crystal  is  shown  in  Figure  44.  The  data  were  obtained  by  four-point  probe  resis- 
tivity measurements  across  a half  wafer  cut  from  the  undoped  seed  end  of  the 
crystal. 
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TABLE  11.  IDENTIFICATION  DATA  FOR  CRYSTAL  CZ  156  Si:Ga 
CRYSTAL  PURIFIED  BY  FOUR  VACUUM  PASSES  AND  BORON  NOT  COMPENSATED 


RockwWI  Data 


Down  Corning  Data 
Polysilicon 


VA  = 0.006  ppb 
= 3 x 1012  en'3 
lin  - 0.1  ppb 


= 5x1012em‘3 


Purified  Crystal  VZ107 

Residual  Impurity  Concentrations 

4-Pt  Probe 

IR  Absorption 

•>  =Ina-"dI 

« 542  x 1012  cm3 

"Boron  = 4.3x1012cm3 

"Phosporus  = 0-8*!®12«"3 

Dopod  Crystal 
Gallium  Concentration 


The  irradiated  wafers  (Table  12)  were  returned  from  MURR  to  Rockwell  with 
the  compensation  concentration  characteristics  listed  in  the  irradiation  log  shown  in 
Table  13.  These  wafers  were  processed  into  standard  detectors  as  elaborated  in 
para  2.4.3. 

2. 4. 2. 6 Compensation  by  Residual  Phosphorus 

Detectors  fabricated  from  silicon  crystal  with  the  compensation  methods 
developed  on  this  program  were  compared  with  detectors  from  gallium  doped  crystals 
where  the  boron-phosphorus  balance  was  achieved  by  vacuum  float  zoning.  Material 
from  crystal  GZ  -65  grown  for  another  project  was  used  to  fabricate  the  comparison 
detectors.  Table  14  presents  the  identification  data  for  this  crystal  or  wafer. 

2.4.3  Fabrication  of  Test  Detectors 

Test  detectors  of  standard  geometry  were  fabricated  using  silicon  wafers  from 
the  gallium  doped  boron  compensated  materials  described  in  section  2.4.2.  The 
detectors  were  fabricated  as  follows: 

1.  Cut  silicon  wafers  tc  approximately  22  mils  thick. 

2.  Lap  wafers  with  9p  grit  to  approximately  20  mils. 

I 

3.  Diffuse  boron  (from  boron  trlbromlde)  at  1050#C  to  a depth  of  2. 5U . The 
boron  surface  concentration  is  approximately  5 x 10*9  cm-3. 

4.  Plate  nickel  and  indium  on  both  wafer  sides. 


Figure  49.  Resistivity  Profile,  GZ  156,  Wafer  2,  Si:Ga 


Figure  44.  Boron  Distribution  in  Undoped  GZ  156 
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TABLE  14.  IDENTIFICATION  DATA  FOR  CRYSTAL  GZ  065. 


Dm*  Cm*m|  Data  f atysMcaa 


NA*a.M*b 

«1«  a*-3 


•Uill 


13 -3 


Rackwal  Data  at  tfea  FarifM,  DapaiCtytli 


RaaM  Imparitwi 
Aftar  aaa  Vacaam  Pas* 


»A- la  II11  cm4 


«D-1a1*13eai‘3 


Wafar  21  af  ctyml 

fiZMSamaaadfat 
Dm  Aatactar 


Maaain<  aatb  4-faiat  praba  at  RT 
Crystal  parHM  svitb  aaa  vacaam  pass  ta  radaca 


rasidaal  phaiphorai  ta  N0/NA  * B. 


5.  Cut  into  cubes  40  x 40  x 20  mils. 

6.  Mount  on  heatsink. 


2.4.4  Detector  Data  Evaluation 


Measurements  were  made  of  detector  properties  under  various  combinations  of 
bias  voltage,  temperature  and  background  radiation.  Whenever  possible  groups  of 
detector  samples  were  measured  in  close  succession  and  under  comparable  sets  of 
conditions  in  order  to  provide  the  best  comparison  of  data.  This  was  not  possible  in 
all  cases.  For  example,  the  current-voltage  characteristics  of  similar  detectors 
might  differ,  presumably  because  of  non-identical  contacting,  hi  such  cases,  best 
conditions  for  data  collection  were  used  and  the  data  could  be  reduced  to  an  assumed 
common  basis  (e.  g. , a common  voltage)  by  simple  ratio.  This  procedure  appears 
adequate  for  the  present  purposes. 

Samples  fall  into  three  groups.  The  first  group  consists  of  detectors  fabricated 
from  a set  of  different  crystals  each  containing  a different  compensating  donor  X 
(X  = Sb,  Mn,  Mg,  Li).  Data  relating  to  this  group  of  samples  are  contained  in  Fig- 
ure 45  and  Table  15.  A second  group  consists  of  detectors  fabricated  from  a single 
crystal  (GZ  156)  which  was  compensated  by  neutron  transmutation  (Si  ■*  P)  to  various 
controlled  compensation  ratios.  Data  relating  to  the  group  are  contained  in  Fig- 
ure 46  and  Tables  16  and  17.  Finally  a group  of  samples  prepared  from  a single 
crystal  (GZ  065)  which  was  compensated  by  residual  phosphorus.  Data  for  this 
group  are  contained  in  Tables  14,  18  and  19. 
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SI:Ga  Detector  Performance  vs  Temperature 
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Figure  45.  Sl:Ga  Detector  Performance  vs  Temperature.  (Concluded) 


TABLE  15.  LADIR  MATERIAL  DETECTOR  TEST  LOG,  Si:Ga  (B:X) 


TABLE  17.  LADIR  MATERIAL  DETECTOR  TEST  LOG,  Sl:Ga  (B:P),  Nr  « 4.3  x 10,  GZ  156 


Figure  46a.  Si:Ga  Detector  Performance  vs  Temperature;  Boron  Compensated  by 
Neutron  Transmutation  Doping;  High  Background 
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Figure  46b.  Si:Ga  Detector  Performance  vs  Temperature;  Boron  Compensated  by 
Neutron  Transmutation  Doping;  Low  Background. 
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Discussion  of  Data.  In  looking  over  the  data  both  within  a sample  group  and 
from  group  to  group  one  is  struck  by  the  lack  of  sensitivity  of  the  data  to  the  principal 
variable  of  these  experiments,  namely,  the  concentration  of  compensating  donor. 

While  this  is  to  be  expected  from  the  theory  for  the  high  background  case  it  stands 
at  variance  with  theoretical  predictions  for  the  low  background  data. 

In  order  to  simplify  and  focus  the  discussion,  the  remainder  of  this  section 
will  concentrate  on  the  neutron  transmutation  sample  group.  Here  the  data  are 
most  complete,  including  the  best  evaluation  of  the  compensating  phosphorus  con- 
centration. The  comments  and  conclusions  drawn  from  these  data  appear  applicable 
to  the  other  sample  sets. 

Referring  to  Figure  46,  one  sees  an  interesting  contrast  between  the  behavior 
of  detector  parameters  with  temperature  under  low  and  high  background  conditions. 
Under  high  background,  the  responsivity,  for  example,  is  essentially  independent  of 
temperature  until  substantial  gallium  site  depopulation  begins  for  T > 30®  K.  This 

is  in  accord  with  the  theory  presented  in  Appendix  A and  illustrated  in  Figure  2. 

For  the  low  background  case,  however,  the  responsivity  shows  an  initial  drop  with 
increasing  temperature  followed  by  a rise  to  a maximum  at  higher  temperatures  prior 
to  a final  rolling  off  due  to  thermal  depopulation.  This  behavior  was  common  to  all 
the  samples  examined  under  low  background  conditions  although  they  differed  to  some 
extent  in  the  observed  peak  to  valley  ratios.  Such  behavior  is  not  within  the  frame- 
work of  the  theory  presented  in  this  report. 

It  is  possible  that  the  initial  decrease  in  responsivity  with  increasing  tempera- 
ture can  be  explained  by  the  theory  (see  Figure  2)  in  terms  of  the  increase  in  the 
boron  generation/recombination  parameter  ag  with  temperature.  However,  the 
subsequent  increase  in  responsivity  to  a maximum  between  20°  and  25®  K requires 
another  explanation.  A possibility  is  that  the  carrier  mobility  under  low  background 
conditions  is  anomalous.  A trapping  and  thermally  activated  regeneration  mechanism 
or  some  effects  due  to  impurity  banding  may  be  involved.  Clearly,  further  study  is 
needed  to  understand  these  phenomena. 

The  neutron  transmutation  samples  provided  an  excellent  opportunity  to  test 
the  dependence  of  detector  parameters  on  compensating  donor  concentration  in  a 
coherent  sample  set  which  presumably  only  differed  in  this  one  parameter.  Data 
relative  to  this  are  contained  in  Tables  16  and  17  and  are  displayed  in  Figures  47, 

48  and  49.  Some  data  from  the  other  sample  sets  are  also  given  in  these  figures. 

In  all  cases  the  data  show  a virtually  complete  independence  of  detector  characteris- 
tics to  compensating  donor  concentration.  In  a practical  sense  this  is  of  some  value 
since  it  will  make  the  performance  of  detectors  and  detector  arrays  less  dependent  on 
a difficult  to  control  parameter.  Under  high  background  conditions  the  detectivity 
should  be  independent  of  donor  concentration.  This  is  perhaps  indicated  by  the  data 
of  Figure  47.  On  the  other  hand  the  theory  indicates  that  responsivity  in  low  back- 
grounds at  all  temperatures  below  the  gallium  depopulation  point  should  show  a 
dependence  on  donor  concentration  in  the  range  of  interest  (i.e. , Nd  > 1012  cm""  ). 
The  data  obviously  do  not  show  such  behavior.  It  would  appear  that  if  further 
understanding  is  to  be  obtained  more  fundamental  parameters  such  as  carrier  density, 
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TABLE  19.  LADIR  MATERIAL  DETECTOR  TEST  LOG,  Si:Ga  (B:P), 
GZ  065,  WAFER  21 


Tgg,650°K;  Frequency,  20  Hz;  Aperture,  0.032  inch; 
Beckpround,  1 .33  x 10*  ph/cm2  sec 


Detector  Opt. 
Number  Bies 


0*7° 

0*10° 

0*15° 

0*20° 

0*22° 

48.2 

31.5 

14.9 

3.73 

0.149 

57.1 

4B.I 

394 

10.6 

737 

55.53 

66.82 

45.6 

35.79 

174 

19.05 

Rpfl 

0.768 

0.597 

4636 

36.5 

16.66 

4.67 

0332 

Opt.  Bies  = Optimum  Bies  (Volts) 

0*  = 0*M  | ^ x F Detectivity  (cm  Hz1^2  Witt'1) 

R 3 Responsivity  (Ampere  Witt'1) 

F = Multiplicetion  Fee  tor  for  Low  Background  0* 


mobility  and  lifetime  should  be  measured  under  detector-like  conditions.  Measure- 
ments of  engineering  quantities  such  as  responsivity  and  detectivity  do  not  afford 
sufficient  visibility  of  the  basic  phenomena. 

In  summary,  detectivity  and  responsivity  measurements  were  made  for  a variety 
of  crystals  all  of  which  had  closely  identical  gallium  and  residual  boron  levels  but 
which  differed  in  the  identity  and  concentration  of  the  compensating  donor.  No 
effects  were  observed  which  indicated  a dependence  on  the  type  or  concentration  of 
these  donors,  at  variance  with  some  aspects  of  theory.  The  temperature  dependence 
of  detector  parameters  showed  a dependence  on  the  background  radiation  level.  At 
high  background  levels  these  parameters  are  temperature  independent  up  to  about 
30°  K.  At  low  background  levels  they  show  a complex  behavior  which  is  not  understood. 


NOTE:  BORON  COMPENSATED  BY  NUCLEAR  TRANSMUTATION  DOPING 


• GZ156,  Table  16 

RAT20°K 

OgG  ~1  X 1017  ph/cm2  MC  o AVERAGE  OF  GZ066,  Table  18 


Responsivity  at  High  Background 


X Si  :G«  (B:X).  TABLE  15 
O Si:Ga  <B  :P)  GZ0B6.  TABLE  19 
°BG  - 1 x 1o8P^«”2  **  • Si  :Ga  (B  :31P>,  TABLE  17 
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Responsivlty  at  Low  Background 


SECTION  III 


TASK  IV  DEFINITION  OF  THE  GROWTH  PROCESS 


This  section  describes  the  growth  process,  equipment  setup,  and  processing 
steps  recommended  to  produce  single  crystal,  boron  compensated,  gallium  doped 
silicon. 

3.1  GENERAL  DISCUSSION  OF  EQUIPMENT  AND  ENVIRONMENT 

Two  float  zoners,  one  a vacuum  and  the  other  gas,  are  required  to  grow  highly 
purified,  boron  compensated,  gallium  doped  single  crystals.  The  initial  purification 
of  the  polysilicon  is  conducted  in  a vacuum  float  zoner  which  is  assigned  exclusively 
to  this  task  to  prevent  contamination  from  doping  runs.  The  gas  zoner  is  used  to 
grow  single  silicon  crystals  when  chosen  impurities  are  added  during  the  final  crystal 
growth.  Preferably,  the  gas  zoner  is  also  used  with  only  one  kind  of  dopant. 

Further,  the  achievement  of  uniform  impurity  distribution  within  a crystal 
with  good  crystallographic  properties  requires  that 

1 . The  entire  float  zoner  be  on  a vibration  free  mount. 

2.  The  construction  of  the  float  zoner  provide  smooth,  vibration-free  motion 
of  all  moving  parts,  thus  achieving  a vibration- free  molten  zone  during 
the  crystal  growth  process. 

3.  Precise  power  control  over  the  entire  range  of  growth  be  maintained. 

Other  requirements  are  clean  facilities  for  etching,  solvent  cleaning  and,  if 
possible,  cascade  rinsing;  a drying  oven,  used  exclusively  for  silicon  and  parts 
used  in  this  procedure;  acids  and  solvents  of  semiconductor  grade;  DI  water  with 
greater  than  18  MR  resistance;  and  a laminar  flow  hood  for  cleaning  and  assembling 
the  furnace  parts. 

The  area  immediately  surrounding  the  float  zoner  should  be  dust  free  to  prevent 
contamination  while  cleaning  and  setting  up  the  equipment  as  well  as  processing  the 
crystals. 

3.2  FLOAT  ZONER  CONSIDERATIONS 

The  float  zoner  components  of  specific  concern  are  discussed  in  this  section. 

3. 2. 1 Carbon  Preheater 

The  carbon  disk  preheater  must  be  fabricated  from  ultra  pure  carbon  and 
should  be  outgassed  by  the  manufacturer  prior  to  delivery.  A new  carbon  preheater 
is  recommended  for  every  run. 


r '■  I 


3.2.2  RF  Coil 

Each  float  zoner  model  requires  a matched  RF  coil  designed  to  optimize  its 
operation.  Some  of  the  considerations  in  the  design  of  an  induction  coil  for  float 
zoning  are  as  follows: 

1.  A major  consideration  is  the  choice  of  a single  or  a multi-turn  coil. 

This  choice  is  a function  of  the  power  of  the  RF  generator,  the  diameter 
of  the  silicon  rod,  the  ability  to  couple  between  the  silicon  rod  and  coil, 
and  the  sensitivity  of  the  power  control  system.  A single  turn  heating 
coil  results  in  less  voltage  across  the  connecting  terminals  and  makes  it 
possible  to  control  heat  application  within  a small  rod  (i.  e. , approximately 
1/32  inch).  The  multi-turn  coil  is  used  where  it  is  necessary  to  get 
maximum  energy  into  a wider  work  piece  such  as  a 7/8  inch  silicon  ingot. 
The  spacing  of  the  turns  depends  upon  the  applied  voltage  and  the  field 
concentration  needed  around  the  work  piece. 

2.  The  metallic  fixture  components  must  be  non-magnetic  to  minimize  heat 
and  current  losses. 

3.  The  leads  from  the  heating  coil  used  to  attach  the  induction  heater  terminals 
should  be  kept  as  close  together  as  is  compatible  with  the  voltage  being  used. 

A four-turn  silver  braised  copper  coil  is  typical  for  this  application  (see  Fig- 
ure 50).  The  coil  tubing  is  slightly  flattened  to  reduce  the  space  between  the  turns, 
resulting  in  a higher  concentration  RF  field  around  the  ingot  and  the  ability  to  more 


Figure  50.  Typical  Four-turn  Induction  Coil. 
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accurately  control  crystal  diameter.  The  more  concentrated  RF  field  of  the  closely 
spaced  multiple  turn  coil  also  provides  the  desired  slightly  concave  interface  which 
minimizes  super-cooling  at  the  growth  interface.  However,  sometimes  the  multi- 
turn coil  causes  difficulties  in  controlling  the  growth  of  the  thin  neck  while  starting 
the  crystal  for  dislocation  free  growth. 


An  additional  consideration  is  the  surface  texture  of  the  coil,  which  must  be 
rough  (achieved  by  sandblasting)  to  allow  the  evaporated  silicon  to  adhere  to  it.  A 
completely  smooth  coil  will  allow  the  deposited  silicon  to  flake  off  and  contaminate 
the  just  solidified  crystal  area.  The  cleaning  procedures  are  discussed  in 
Section  3.4. 


33  POLYSILICON  MATERIAL 


The  basic  polysilicon  material  can  be  purchased  at  different  quality  levels  as 
defined  by  the  residual  boron  content.  For  the  LADIR  program,  a boron  content  of 
approximately  lO1^  cm~^  is  required.  It  must  be  emphasized  that  procurement  of 
material  with  this  low  impurity  level  is,  in  itself,  not  enough.  The  specific  impurity 
level  characterized  by  the  supplier  is  an  average  and  varies  between  the  individual 
polyrods.  Because  of  this,  every  precaution  must  be  taken  to  avoid  the  inadvertent 
addition  of  contaminant  during  the  entire  procedure,  beginning  with  the  material  sup- 
plier. At  the  supplier's,  the  rods  are  usually  handled  and  packed  without  contact  by 
bare  hands,  then  sealed  and  shipped  in  plastic  envelopes.  Upon  receipt  at  the  crystal 
growing  laboratory,  they  must  be  stored  in  a dry,  clean  enclosure  and  removed  from 
the  plastic  envelopes  only  when  inserted  into  the  float  zoner.  If  it  is  assumed  that 
these  precautions  have  been  observed  then  no  etching  and  cleaning  of  the  polysilicon 
is  necessary. 


3 A CLEANING  PROCEDURES 


Before  the  growth  process  is  started,  the  float  zoners,  prezoned  ingots,  and 
seeds  are  cleaned.  The  cleaning  procedures  presented  in  the  following  subsections 
were  developed  for  Rockwell  equipment  but,  with  modifications,  can  be  applied  to 
any  equivalent  equipment. 


3.4.1  Float  Zoner  Cleaning  Procedure 


The  float  zoners*  (vacuum  and  gas)  are  initially  cleaned  according  to  the  manu- 
facturer's specifications  and  instructions.  After  this  initial  cleaning,  a purified  sili- 
con crystal  should  be  grown  in  the  zoner.  The  silicon  evaporates  from  the  liquid 
zone  and  deposits  on  the  walls  and  door  of  the  chamber.  This  deposit  provides  a 
wall  cover  of  the  most  desirable  material.  For  the  time  that  this  silicon  coating 
covers  the  walls  evenly,  the  following  cleaning  procedure  is  used. 


1.  Remove  the  work  coil  and  etch  it  in  a solution  of  approximately  3 to  4 gm 
NaOH  in  approximately  350  ml  H2O  to  remove  evaporant  coating,  place  in 
ultrasonic  cleaner  to  hasten  removal,  etch  until  coil  is  clean  (usually  15  to 
20  min),  and  rinse  in  DI  HgO  for  about  l/S  hour  and  dry. 


*VS  A3  Model,  Siemens,  A.G. , D-8000,  Muenchen  1,  Germany 
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2.  Remove  and  discard  the  glass  window.  Remove  carbon  preheater,  quartz 
support  rod,  and  quartz  panels  from  the  shutter.  Etch  quartz  pieces  in 

3 HNO3  1 HF  solution  until  deposit  is  removed  (usually  1 to  3 min),  rinse 
in  DI  H2O  for  1/4  hour.  Wrap  in  lint  free  paper  and  dry  in  special,  clean 
oven  at  125®  C for  1/2  hour  min. 

3.  Wipe  out  chamber  with  "K-Dry.  "*  Remove  any  coating  that  is  not  firmly 
attached  to  the  wall. 

4.  Blow  out  chamber  using  pressurized  nitrogen  gas. 

5.  Replace  coil  and  align. 

6.  Replace  quartz  support  rod  and  install  new  carbon  preheater. 

7.  Clean  new  window  with  DI  HgO  and  dry  with  K-Dry  towel. 

8.  Install  window  and  wipe  door  gasket  and  seal  surface  with  K-Dry  towel. 

When  blistering  and  peeling  of  the  silicon  coating  are  apparent,  the  following 
cleaning  process  is  used.  Again,  this  procedure  was  developed  for  use  on  the  Rockwell 
float  zoners  but  can  be  modified  for  use  on  any  type  zoner. 

1.  Remove  the  work  coil  and  etch  it  in  a solution  of  approximately  3 to  4 gm 
NaOH  in  approximately  350  ml  H20  to  remove  evaporant  coating,  place 
in  ultrasonic  cleaner  to  hasten  removal,  etch  until  coil  is  clean  (usually 
15  to  20  min),  and  rinse  in  DI  HgO  for  about  1/2  hour  and  dry. 

2.  Remove  and  discard  the  glass  window.  Remove  carbon  preheater,  quartz 
support  rod,  and  quartz  panels  from  the  shutter.  Etch  quartz  pieces 

in  3 HNO3  1 HF  solution  until  deposit  is  removed  (usually  1 to  3 min),  rinse 
in  DI  H2O  for  1/4  hour.  Wrap  in  lint  free  paper  and  dry  in  special,  clean 
oven  at  125®  C for  1/2  hour  min. 

3.  Using  a stainless  steel  brush,  scrub  the  chamber  walls  vigorously,  removing 
all  flaking  and  blistered  material.  Then  thoroughly  vacuum  the  chamber. 

4.  Using  K-Dry  and  isopropyl  alcohol,  wash  walls  down  until  K-Dry  appears 
clean. 

5.  Let  chamber  air  dry  and  then  wipe  walls  with  dry  K-Dry. 

6.  Blow  out  chamber  using  pressurized  nitrogen  gas. 

7.  Replace  coil  and  align. 

8.  Replace  quartz  support  rod  and  install  new  carbon  preheater. 


♦Product  of  Nolex  Paper  Company,  6600  Valley  View  Ave,  Buena  Park,  CA  90261 
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9.  Clean  new  window  with  DI  HgO  and  dry  with  K-Dry  towel. 

10.  Install  window  and  wipe  door  gasket  and  seal  surface  with  K-Dry  towel. 

3.4.2  Zoned  Ingot  and  Seed  Cleaning  Procedure 

The  following  etching  procedure  specifies  the  cleaning  process  for  a zoned 
silicon  ingot  or  a seed.  At  all  times,  the  ingot  or  seed  must  be  handled  using  clean 
plastic  gloves. 

1 . Place  ingot  or  seed  in  polyethylene  etch  sling. 

2.  Place  in  a plastic  etch  boat. 

3.  Put  DI  (deionized  18  M)  H20  into  another  large  etch  boat. 

4.  Pour  etching  solution  3 HNO^-l  HF  into  etch  boat  containing  the  ingot  or  seed. 

5.  Agitate  for  approximately  3 min  in  the  etch  solution. 

6.  Quickly  remove  the  ingot  or  seed  and  plunge  it  into  DI  HgO  rinse. 

7.  Rinse  for  1/2  hour  (minimum)  in  flowing  DI  water. 

8.  Remove  the  ingot  or  seed,  dry  with  lint  free  paper,  and  wrap  in  clean 
lint  free  paper. 

9.  Place  in  the  special  dryer  for  1/2  hour  minimum,  at —100° C. 

10.  Cool  in  clean  bench  before  installing  in  zoner. 

3.5  FLOAT  ZONER  PREPARATION 

The  cleaned  coil  is  installed  and  aligned.  A new  carbon  preheater  is  installed 
and  positioned  above  the  coil.  After  the  chamber  is  evacuated  to  approximately  10“5 
torr,  RF  power  is  turned  on  and  the  carbon  preheater  temperature  is  elevated  to  a 
white  color  for  outgassing.  The  vacuum  level  changes  during  this  process  and  the 
outgassing  of  the  carbon  continues  until  the  vacuum  steadies  again  at  approximately 
10“ 5 torr.  The  power  is  turned  off  and  the  chamber  stays  under  high  vacuum  for 
a minimum  of  four  hours. 

3.6  SINGLE  CRYSTAL  SEED  CONSIDERATIONS 

Crystal  growth  in  the  required  orientation  is  initiated  by  a seed  of  the  desired 
characteristics.  This  seed  must  be  cut  from  a crystal  of<  100>growth  orientation. 

The  following  considerations  are  applicable  when  using  a single  crystal  as  seed 
material: 


1 . The  single  crystal-seed  crystal  should  have  a minimum  of  six  zone  passes 
and  a boron  concentration  of  less  than  3 x 1012  cm-2.  Its  purity  should  be 
comparable  to  the  desired  quality  of  the  crystal  to  be  grown. 
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2.  The  crystal  must  be  oriented  to  the  desired  orientation  within  ±0. 5 deg. 

Any  deviation  can  be  measured  by  taking  X-ray  Laue  photograph? 

3.  The  seed  crystal  should  not  have  an  extensive  amount  of  lineage  as  it  would 
create  problems  in  connecting  the  crystal  boule  to  start  a single  crystal. 

Under  proper  conditions  the  dislocation  density  of  the  seed  does  not  affect  the 
dislocation  density  in  the  growing  crystal,  nor  do  the  additional  defects  which  occur 
from  thermal  shock  when  the  silicon  liquid  drop  connects  with  the  solid  seed.  These 
conditions  involve  the  growth  of  a long  thin  neck  between  the  seed  end  and  the  crystal 
to  eliminate  the  defect  lines  which  grow  out  to  the  surface  preventing  their  continuation 
into  the  crystal  bulk. 

3.7  VACUUM  FLOAT  ZONING  PROCEDURE 

After  preparing  the  zoner  and  seed  per  Sections  3.4  and  3. 5,  the  seed  is 
inserted  into  the  seed  holder.  The  operator  must  wear  plastic  gloves  and  hold  the 
seed  by  the  sides  with  lint  free  paper.  The  seed  end  which  will  connect  with  the  liquid 
zone  must  not  be  handled  at  all.  Proper  alignment  and  good  rotation  of  the  seed  in 
the  seed  holder  must  be  achieved.  After  the  polysilicon  rod  is  clamped  into  the  holder, 
the  seed,  rod,  and  coil  must  be  properly  aligned.  The  chamber  is  evacuated  to 
approximately  10-5  torr;  an  overnight  pump  down  is  recommended.  Then,  multiple 
zone  passing  is  performed. 

The  acceptor  and  donor  concentration  of  the  polysilicon  were  specified  by  the 
supplier.  The  donor  concentration,  which  is  mainly  phosphorus,  generally  exceeds 
the  boron  concentration  by  an  order  of  magnitude.  Figures  51  and  52  provide  the  data 
for  the  reduction  rate  of  phosphorus  at  a given  growth  rate  (coil  speed).  For  example, 
a six-pass  purification  of  Dow  Coming  silicon  (see  Figure  52)  would  reduce  the  donor 
concentration  to  approximately  3 x 10ll  cm-3.  The  silicon  crystal  will  show  a con- 
ductivity or  resistivity  corresponding  to  Na  - Nd-  After  six  vacuum  passes,  the  donor 
concentration,  Nd*  will  be  more  than  one  order  of  magnitude  smaller  than  the  acceptor 
concentration,  Na;  therefore,  the  resistivity  evaluation  will  basically  reflect  the  boron 
level  only.  This  boron  concentration  should  be  the  same  as  the  acceptor  concentra- 
tion given  by  the  polysilicon  supplier,  In  the  case  of  a drastic  increase  in  acceptor 
concentration,  the  growing  of  a test  crystal  is  recommended.  This  procedure  will 
verify  the  type  of  impurity  and  the  amount  added  with  each  pass. 

A diagram  of  a suggested  test  crystal  is  shown  in  Figure  4.  This  crystal  is 
called  the  1-2-3-7  pass  crystal,  which  permits  evaluation  of  the  donor  in  the  1-2  pass 
section  and  the  acceptor  concentration  in  the  crystal  as  the  material  is  exposed  to 
the  multiple-zone  process.  The  amount  of  impurities  remaining  in  different  parts  of 
the  crystal  are  determined  by  resistivity  and  conductivity  type  measurements.  The 
measurements  have  to  be  taken,  as  indicated,  in  the  center  of  the  rod  area  with  con- 
stant diameter.  The  undercuts  on  the  ingot  are  the  last  frozen  liquid  zones  and 
contain  the  impurities  which  have  been  removed.  This  test  crystal  will  verify  the 
amount  of  impurity  added  with  every  pass.  If  heavy  contamination  is  detected, 
corrective  measures  must  be  taken. 
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CONCENTRATION  RATIO  MEASURED  BEFORE 
AND  AFTER  ONE  VACUUM  PASS 


The  end  result  of  the  vacuum  float  zoning  process  must  be  a single  crystal 
which  is  maintained  in  one  piece,  including  the  polyrod  connected  to  the  tang  end 
of  the  single  crystal.  This  polyrod  will  be  used  to  hold  the  crystal  in  position  in 
the  gas  zoner  during  the  doping  process.  At  this  point,  the  orientation  is  not  impor- 
tant. All  seeds  used  in  this  program  are  in  the<100>orientation,  but  if  the  crystal 
twinned  in  the  beginning  and  stayed  at  that  orientation,  similar  measurements  can  be 
achieved.  Resistivity  or  Hall  measurements  from  crystal  material  with  poly  charac- 
teristics (changes  in  orientation  along  the  boule)  do  not  provide  usable  measurements 
as  the  boundaries  between  the  various  orientations  scatter  carriers  and  degrade  the 
data. 

3.8  EVALUATION  OF  PURIFIED  SILICON 

The  purification  of  the  silicon  ingot  is  evaluated  by  use  of  resistivity, 
conductivity-type,  and  lifetime  measurements. 

3.8.1  Resistivity  and  Conductivity- Type  Measurements 

The  equipment  and  the  4-point  probe  method  used  to  perform  these  measure- 
ments are  discussed  in  subsection  b of  Section  2.3.2. 

At  resistivity  values  near  the  Intrinsic  range,  the  surface  condition  of  the 
crystal  is  critical  to  the  measurements.  Four-point  probe  measurements  taken  at 
the  ingot  surface,  even  if  it  is  etched,  sand  blasted,  or  specially  cleaned,  may  not 
reflect  the  impurity  characteristics  of  the  bulk  silicon  crystal.  The  method  developed 
to  achieve  reliable  tests  is  shown  in  Figure  24.  A 0. 8 to  1 cm  wide  strip  is  lapped 
along  the  crystal.  The  final  grit  used  should  be  5 p.  After  lapping,  the  crystal  should 
be  washed  in  a surface  cleaning  solution  and  rinsed  in  DI  water.  The  ASTM  Standards 
Book,  Volume  43  (F43  and  F84)*  was  consulted  for  additional  suggestions  on  surface 
preparation.  During  the  measurements,  the  4-point  probe  is  placed  in  the  center  of 
the  strip  (see  Figure  24)  and  data  are  taken  along  the  boule  length. 

Conductivity-type  measurements  are  always  performed  simultaneously  with  the 
resistivity  measurements.  High  resistivity  silicon,  which  has  been  purified  by  multi- 
vacuum passes  will  be  p-type. 

3.8.2  Lifetime  Measurement 


The  RF  frequency  method  developed  by  W.  Keller  (Ref.  32)  provides  a simple 
method  to  check  the  bulk  lifetime.  A fuller  discussion  is  presented  in  Section 
2.3.3.  However,  deep  level  impurities  dislocations,  vacancies,  and  small- 
angle  grain  boundaries,  as  well  as  hydrogenic  impurities,  affect  the  minority  carrier 
lifetime,  so  that  lifetime  is  a non-specific  measure  of  crystal  quality.  A lifetime 
below  several  hundred  microseconds  in  a purified  crystal  would  be  a cause  for 
concern. 


♦ASTM  Standards,  American  Soceity  for  Testing  and  Materials,  1916  Race  St. , 
Philadelphia,  PA. 
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3.9  DOPANT  CONSIDERATIONS 

The  results  obtained  in  this  program  do  not  conclusively  indicate  that  counter- 
doping of  residual  boron  is  effective  in  controlling  detector  performance.  However, 
of  the  various  counter  dopants  employed  only  antimony  provides  the  necessary 
convenience  and  control. 

The  amount  of  either  dopant,  antimony  or  gallium,  is  calculated  according  to 
Eq  (16).  However,  in  calculating  the  amount  of  antimony,  a safety  factor  of  between 
1 . 2 X and  1 . 5 X should  be  included  to  assure  complete  compensation  because  resis- 
tivity measurements  of  high  purity  silicon  are  subject  to  considerable  uncertainty. 
Excess  n-type  donors  at  a concentration  of  approximately  3 x 10*2  Cm-3  will  negligi- 
bly compensate  the  gallium  impurity  which  is  added  at  a much  larger  concentration 
of  1016  to  1017  cm-”.  Under  operating  conditions  such  that  the  steady  state  number 
of  ionized  gallium  counters  is  of  the  order  of  1012  cm-3  the  Ga  compensation  is  of 
no  importance. 

3.10  SILICON  CRYSTAL  PREPARATION 

The  chosen  dopants  can  be  introduced  into  the  purified  crystal  in  two  different 
ways.  As  illustrated  in  Figure  53,  the  material  may  be  placed  into  a slot,  which  has 
been  cut  into  the  boule,  or  in  a cup,  which  is  formed  by  cutting  the  boule  in  two, 
machining  out  a cup,  and  subsequently  welding  the  boule  back  together.  Depending 
upon  which  method  is  chosen,  the  following  additional  handling  precautions  must  be 
observed. 


WELD 


CUP  FOR  DOPANT 


SLOT  FOR  DOPANT 


DISLOCATION 

LINES 


STRAIGHT  PART 
OF  CRYSTAL 


Figure  53.  Method  for  Dislocation-free  Crystal  Growth. 
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3.10.1  Slot 

The  cut  is  easy  to  make,  but  when  etching  and  rinsing  the  rod  prior  to  crystal 
growth,  great  care  must  be  taken  to  insure  that  the  cut  does  not  hold  residual  acid 
or  moisture.  Also,  when  adding  the  impurities  into  the  slot,  they  must  be  protected 
from  sudden  air  motion  and  shock.  When  placing  the  ingot  into  the  chamber,  the  cut 
must  be  located  so  that  it  does  not  point  in  the  direction  of  the  vacuum  port  or  inert 
gas  inlet;  and,  finally,  the  closing  of  the  chamber  door  must  be  performed  slowly. 

3.10.2  Welded  Cup 

In  this  method,  care  must  be  taken  to  insure  that  the  weld  is  sealed  uniformly 
(see  Figure  54).  During  the  sealing  process,  a carbon  block  is  used  as  the  support. 
To  prevent  contact  between  the  crystal  and  the  carbon,  an  etched  silicon  slice  is 
placed  between  them.  The  crystal  prepared  for  doping  must  be  etched  and  cleaned 
according  to  the  procedure  in  Section  3.4. 

3.11  GROWTH  OF  DOPED  CRYSTAL  IN  GAS  FLOAT  ZONER 

The  cleaning  procedures  for  the  zoner,  ingot,  and  seed  are  presented  in  Sec- 
tion 3.4.  The  zoner  setup  is  the  same  as  for  the  vacuum  float  zoner  except  for  the 
addition  of  the  dopant  into  the  ingot. 


Figure  54.  Method  of  Uniform  Welding. 
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The  gas  float  zoning  process  achieves  the  final  growth  and  provides  the  silicon 
with  the  intentionally  added  dopant  while  solidifying  it  into  a single  crystal  of  desired 
perfection.  The  desired  perfection  includes  freedom  from  dislocations,  a minimum 
of  vacancy  clusters,  and  a uniform  impurity  (compensation  and  gallium  dopant) 
distribution. 

3.11.1  Dislocation- Free  Growth 

The  Dash  method  (Ref.  47)  is  based  on  the  idea  that  dislocation  originate  from 
the  seed  bulk  and  from  thermal  shock  propagated  by  the  seeding  process.  A reduction 
of  the  dislocations  is  achieved  by  growing  a very  thin  neck  on  the  seed.  This  extended 
seed  growth  is  controlled  by  a large  increase  in  growth  rate,  two  to  three  times  the 
growth  rate  used  for  the  crystal  growth  on  the  straight  part  of  the  boule.  After  this 
initial  growth  of  a very  thin  seed  extension,  the  dislocations  in  the  seed  and  those 
generated  by  the  thermal  shock  propagate  to  the  surface  and  disappear  (see  Figure  53). 
The  crystal  diameter  car.  now  be  increased  to  grow  a dislocation  free  crystal  of  the 
desired  diameter. 

3.11.2  Vacancy  Clusters 

As  the  dislocation-free  crystal  solidifies,  the  vacancies,  which  otherwise  absorb 
defects,  collect  and  build  vacancy  cluster  formations.  These  vacancy  clusters  will 
associate  with  impurity  atoms  such  as  copper,  lithium  and  oxygen  during  wafer  proc- 
essing at  elevated  temperature.  These  undesirable  effects  make  it  necessary  to 
eliminate  the  buildup  of  vacancy  clusters  during  the  crystal  growth.  It  was  estab- 
lished that  these  defects  form  during  the  cooling  period  of  the  crystal;  therefore,  a 
crystal  growth  rate  of  3.5  to  4. 5 mm/min  is  recommended  for  the  straight  part  of 
the  crystal.48 

3.12  EVALUATION  OF  DOPED  CRYSTALS 

The  evaluation  of  the  doped  crystals  is  performed  the  same  way  as  the  evalua- 
tion of  the  purified  silicon  ingot,  i.e. , through  the  use  of  resistivity,  conductivity- 
type  and  lifetime  measurements.  Therefore,  the  procedure  presented  in  Section  3. 8, 
is  applicable. 

3.13  TEST  FAILURE 

If  instrumentation  failure  should  occur  or  if  the  operator  is  unable  to  hold  the 
liquid  zone,  the  two  ingot  parts  will  separate,  spilling  silicon  into  the  growth  chamber. 
In  such  a case,  the  process  should  be  discontinued.  It  is  recommended  that  the  ingot 
parts  be  discarded  unless  this  occurs  late  in  the  process. 


47.  Dash,  W.  C. , "Method  of  Growing  Dislocation- Free  Semiconductor  Crystals", 
June  2,  1964,  Patent  No.  3,135,585,  filed  March  1,  1960. 

48.  Huff,  H.R.  and  Burgess  R.R.,  "Semiconductor  Silicon  1973",  Elec tro-C hem. 
Soc. , pp  83-93,  1973. 
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3.14  BORON  COMPENSATION  BY  NEUTRON  TRANSMUTATION  DOPING 

In  this  technique,  the  compensation  of  the  residual  boron  is  accomplished  after 
the  crystal  growth  is  completed.  The  detailed  description  of  this  process  is  published 
in  the  final  report,  "Silicon  Detector  Compensation  by  Nuclear  Transmutation, " by 
the  University  of  Missouri,  AFML-TR-77-178,  February,  1978,  DDC  Access  No. 
ADA057786. 
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APPENDIX  A 

THEORETICAL  ANALYSIS  OF  THE  THREE-IMPURITY  SILICON  SYSTEM 

This  appendix  contains  a detailed  analysis  of  the  three-impurity  (Ga,  B,  Donor) 
silicon  system,  showing  the  interaction  between  detector  temperature,  flux  level,  and 
compensating  (donor)  impurity  concentration.  Figures  1 and  2 in  the  body  of  the 
report  summarize  the  results  obtained  from  this  analysis. 

The  band  gap  diagram  for  the  three  impurity  material  under  consideration 
is  shown  in  Figure  A-l. 


The  steady-state  current  through  a detector  with  ohmic  contacts  is 


I = q P PE 


(A-l) 


E is  assumed  to  be  a constant  in  the  region  between  the  electrodes.  E = Vg/d,  where 

V_  is  the  bias  voltage  and  d is  the  interelectrode  distance. 

B 

We  shall  calculate  p as  a function  of  photon  flux  0,  where  0 consists  of  a 
constant  background  0g  and  signal  flux  a. 


(A-2) 


The  following  equations  relate  the  densities  of  the  impurity  states  and  the  free  hole 
density: 

(1)  The  charge  state  equilibrium  requires 


5T*  " %a  NGa  " P BOa  "cia  " ° 


r"  =0BNB-pBBNB  = O 


(A-3) 


(A-4) 


where 


and  nS.  give  the  generation  rates  of  the  free  holes  from 
Ga  Ga  B B neutraj  gallium  and  boron  impurities  due  to  both 
absorption  of  photons  and  thermal  excitation 
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Nf)=N  I,  (VARIABLE  0 T0 1013  on3) 


WHERE 

Nq,  is  the  density  of  gallium  impurities,  of  WHICH  Nq,  are  neutral 
AND  N^,  ARE  IONIZED 

Nb  IS  THE  DENSITY  OF  BORON  IMPURITIES. OF  WHICH  N0  ARE  NEUTRAL  AND 
N^  IONIZED 

N0  IS  THE  DENSITY  OF  DONOR  COMPENSATING  IMPURITIES  WHICH  ARE  ALL 

IONIZED  Np  - Np  AT  THE  TEMPERATURES  OF  INTEREST  (4  TO  40°K) 
p IS  THE  FREE  HOLE  DENSITY 

Figure  A-l.  Pudgap  Diagram  of  the  Three  Impurity  System 

Bga  Md  fin  are  the  coefficients  for  recombination  of  holes  with  ionized 
gallium  ana  boron  impurities,  respectively. 

“o.-'V'o.’  bb  = ‘ V "b 

where 

<vp>is  the  average  velocity  of  holes 
and 

a'  , <j-~  are  the  cross  sections  for  capture  of  holes  by  ionized 
Ga  B gallium  and  boron,  respectively. 

(2)  The  conservation  of  the  number  of  impurities  requires 


(3)  The  charge  neutrality  condition  (with  N+  = ND)  requires 
NGa  + NB  = p + ND 

Assuming  the  detector  is  thin  enough  so  that  the  photon  flux  can  be  taken  as 
constant  throughout  the  volume  of  the  detector  (Ref.  4,  pages  49  through  55), 

^Ga  = 0SGa  + BGa  NV  gGa  exp  ) 

= 0SB  + BGa  NV  gB  exp  ~(‘kTr) 


(A-7) 


(A-8) 


(A-9) 


where 


SGa  and  SB  are  the  photon  absorption  cross-sections  for  gallium  and  boron, 
a respectively 

g is  the  degeneracy  of  the  ground  state  and  equals  4 for  both  gallium 

and  boron 


N„  is  the  effective  density  of  states  in  the  valence  band  and  is 

defined  as 


Ny  (Jrmj  kT)3/2 

/m*  \3/2 

qo  ,ft15  /mp  kT  I -3 

= 4.82x10  I — ^ — I cm 

where 

m*  is  the  effective  mass  of  holes 
P 

m is  the  electron  mass 
T is  the  temperature. 


(A-10) 


Defining 


0, 


„ Ga 


♦tt1  + ®Ga  NV  exp 


B 


Ga 


ft) 


(A-ll) 


“B  =-BT 


s. 


B *T^*eB  Nv  “» 


(A-12) 


Eq  (A-3)  through  (A-6)  lead  to  the  following  expressions  for  N^a  and  Nfi. 

a. 


N_  = 


Ga 


Ga  P+“Ga 


N 


Ga 


(A-13) 


N„  = 


lB 


■N. 


B p +aB  B 


(A-14) 


Substituting  Eq  (A-13)  and  (A-14)  in  Eq  (A-7)  p is  found  to  satisfy  the  cubic  equation. 


P3  + <ND  + aGa  + V P2  + [“g.“b  - “Ga  <NGa  ' V ‘ "B  <NB  * ND»]  p 


“ °Ga*B  (NGa  + NB  ~ ND)  0 


(A-15) 


We  shall  not  attempt  here  to  give  an  explicit  solution  for  p.  However,  it  is  clear 
that  knowing  Boa.  Bfi,  Sca.  and  SB*  roots  of  this  equation,  completely  describe  p 
as  a function  of* , T,  and  Nd-  Assuming* g«  *,  the  responsivity  is  then  obtained  as 
follows 


Ws  Xg 


APS  =“§*  *S  = — 


(A- 16) 


where 


Wc  is  the  signal  intensity  at  the  detector  in  watts/cm  . 
s 
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For  a detector  of  IR  active  area  A.  equal  to  tw  and  the  intereiectrode 
1,  the  steady-state  current  is 


I = Iw  qjt  (po  + Aps)  E 

(A-17) 

V-WlwWg^§.E 

(A-18) 

R=lwWs  "kll  E 

(A-19) 

The  above  responsivity  applies  to  a thin  detector  (ad  « 1)  with  no  reflection  loss  at 
the  front  surface.  For  the  0. 1 cm  path  for  absorption  of  m in  the  detectors  evaluated 
in  this  program,  the  value  of  ad  is  2.75  since  a-  SQa  N$a  = 27. 5.  Therefore,  we 
have  to  account  for  reflection  loss  and  attenuation  of  p in  Eq  (A-19). 


R = (1  - R) 


qx 


S 


E 

7 r 


r 


pge-«dx 


(A-20) 


If  n and  dp/dp  are  independent  of  p,  then 


(A-21) 


Recognizing  that  (1  - R)  [[  1 - exp  (-ad)  J sr  7,  we  can  write  Eq  (A-21)  as 


(A-22) 


where 


To  = b — anc*  carrier  lifetime  at  low  background  for  a detector  with 

Ga  D compensating  impurity  density  Np. 

p0  is  the  mobility  at  low  background. 


Ill 


mm 


i 


For  low  background  n = nQ,  the  steady-state  condition  for  hole  density  is 


=0(0  - -2-  = 0 
o 


(A-23) 


Therefore,  the  term  in  the  brackets  in  Eq  (A-22)  is  equal  to  unity  and  Eq  (A-22)  is 
then  identical  to  Eq  (A-24). 


Rx=_hb"T,GX 


= 0. 306  rjGX  amp/ watt 


where 


q is  the  electron  charge 

he  is  the  product  of  Planck's  constant  and  the  velocity  of  light 
tj  is  the  detector  quantum  efficiency 
X is  the  wavelength  in  micrometers 
G is  the  photoconductive  gain. 1 

We  shall  discuss  two  special  cases  pertaining  to  the  conditions  wider  which  the 
detectors  in  this  program  were  tested. 

1.  T < IS*  K 


(A-24) 


For  the  case  of  temperature  below  thermal  ionization  of  boron  impurities 
T < 15*  K,  we  rewrite  Eq  (A-13)  and  (A-14)  as  follows: 


... 


and 


The  above  approximations  can  be  made  for  T « 15°  K and  N «N,  since 

B Ga 


so  that 


6 -“Ga  NGa 
4Ga—  *-gJ«  1 


Similarly, 


- _®B  mSB  ®Ga  NGa 

4b”p- 


(A-27) 


(A-28) 


(A-29) 


(A-30) 


when  the  term  involving  the  photon  absorption  and  recombination  coefficients 
is  of  the  order  of  unity. 
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A quadratic  equation  is  obtained  with  Eq  (A-25)  and  (A- 26)  in  Eq  (A-7). 


aGa  » - 5g,»  NGa  +°B<1-VNB-p  + p ND 


(A-31) 


Equation  (A-31)  has  the  solution 


■n 


4qGa  (1  ~6Ga)  NGa+0fB 


i/2 

° I WB  . j (A., 


Since  NB«  NQa  and  «Ga«  1.  Eq  (A-32)  simplifies  to 


."plL  , *°fca  NGa  1 

” “|[  * J 


16,  3 


For  an  absorption  coeff 
S„  = 5.4  x 10-16  cm2. 


coefficient  for  28/cm  and  N°  = 5 x 10  /cm 


(A-33) 


From  Eq  (A-ll), 


_ ,.-16 

Ga  . 5. 6 x 10  A 

Be—’ 


(A-34) 


Upon  examining  Eq  (A-33),  the  following  limiting  cases  are  evident. 


4ofaa  NGa 


(A- 35) 
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which  represents  the  low  background  condition, 


p=!Ga^Ga.  = 56xl0-16i^L_ 
ND  ND  ®Ga 


(A- 36) 


and  for 


4aGa  NGa 


representing  the  high  background  condition 


(A-37) 


(°Ga  Nca)1/2  - (5- 


6 x 10 


-16  *NGa 


(A-38) 


In  the  detector  material  tested.  Nr  =*  5 x 1016,  so  that  for  the  low  back- 
ground case  where  0 « IQ"2  N2 


D Ga 


BGa  ND 


And  for  the  high  background  case  where  0 » 8. 9 x 10  **  N?  B 

D Ga 


p=  280/Br 


(A-39) 


(A-40) 


Applying  these  results  to  evaluating  the  responsivity  as  a function  of  Nd  and 
0,  we  obtain  the  behavior  shown  in  Figure  A- 2.  Responsivity  data  of  about 
one  amp/watt  for  low  background  (0=  108  ph/cm2  sec)  and  high  background 
(0=  1017  ph/cmz  sec)  may  be  interpreted  as  indicating  a density  of  compen- 
sating impurities  Nd  in  these  detectors  of  about  1013  cm*3  if  a BGa  value 
of  10~o  cm3/sec  is  assumed. 
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T > 15°  K 

For  the  case  of  temperature  greater  than  15*  K but  less  than  the  thermal 
ionization  temperature  for  gallium  impurities  {*30*  K),  as  before, 

°Ga/p  « 1 butaR/p  » 1.  For  example,  if  we  take  T = 25*  K and 
0=  108  ph/cnT  Sec, 

“B“  gB  NV  eXp  -(“k^  “ 1(>9  (A 


and 


a. 


Ga  B 


Ga 

Ga 


5x  10 


-3 


(A 


We  can,  therefore,  use  the  following  approximations  for  the  region 
ND  £ NB‘ 


— “Ga  N --^s. 

P + «Ga  Ga  P 


N, 


Ga 


(A- 


nb=(p^)»b“«b(‘-£) 


aGaNGa 


+ nb(>-4)-p^b 


(n  -Nb)« 

2 — p GaaBNGa 

a (a  + Nb)  (Ob  + N ) 


n + 


(A- 


(A- 


i A 


± 


i 


Since  the  second  term  inside  the  radical  is  less  than  unity  for  the  case  of 
interest  except  at  Ng,  the  following  solutions  are  obtained. 

For  Nd  > Nb. 


aGa  NGa 

P"  nd-nb 


(A-48) 


For  N_  sf  N_,  the  second  term  in  the  radical  is  much  greater  than  1 so  that 
B B 


°B*NB 


(A-49) 


For  the  undercompensated  case  where  Nd  « Ng»  the  approximation  in 
Eq  (A-44)  is  not  applicable  since  p is  expected  to  be  larger  than  otg.  In  this 
case,  Eq  (A-32)  gives  an  approximate  solution  for  p. 

1/2 

For  Nd  < nb>  ' < N„’ 


°Ga  NGa  , <NB  ~ NP>  * 

P nb  “ nd  ®b  + nb 


Using  these  results  in  Eq  (A-22)  with  Ng  = 1012  cm  **,  we  obtain  the 
behavior  of  R with  Np  shown  in  Figure  A-3. 


(A-50) 


We  derive  the  detectivity,  D*.  from  the  general  expression 


d*=^-8~  al. 

hc  *S  *N  / Ad 


(A- 51) 


Figure  A-3.  Responsivity  of  40  x 20  x 40  mil  Si:Ga  detectors  with 
40  volt  bias  operatic  at  about  25*  K. 

TTte  detector  signal  current  Ig,  noise  current  IN,  and  background  current  IB 


where  G is  the  photoconductive  gain. 


For  a compensated  detector  with  a single  IR  active  impurity,  G = prE/d. 
For  the  multiple  IR  active  impurity  case  discussed  here,  the  photoconduc- 
tive  gain  is  determined  as  follows.  The  photoconductive  gain  is  the  ratio  of 
number  of  electrons  per  second  flowing  through  the  detector  per  photon 
absorbed  in  It.  Thus, 


r We  . 

V*S  V 


(A-52) 


With  the  above  expression  for  G in  the  equation  for  1^, 


1/2 


ifef) 

In  the  region  ND  » Ng  for  which 


(A-53) 


®GaNGa 
p“  fB 


(A-54) 


so  that 


1 dp  1 

p dp  #B 


(A-55) 


We  obtain  the  normal  backgrowd  limited  detectivity 


1/2 


(A- 56) 
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The  effect  of  spectrophotometer  background  radiation  upon  spectral 
response  measurements  may  be  derived  by  rearrangement  of  equations  (A- 13) 
and  (A-14). 


N, 


Ga 


N, 


Ga 


Ga 


p ♦ a 


Ga 


(A-57) 


5 

H. 


P ♦ «, 


(A-58) 


Ga 


Ga 


aGa  "V 


Ga 


or  <v 
Ga  p 


- * gGX  «p(-  -if)  »-*» 


°B  <Vp> 


°B  <vp 


- * eB\  — j|— ) (A-60) 


In  low  temperature  ranges,  the  second  term  of  Eq.  (A-59)  and  (A-60)  are  comparable 
to  the  first  terms  as  long  as  * is  large  enough.  With  comparable  photon  absorption 
cross-sections  Sg  and  SQa  and  capture  cross-sections  a‘  and  o‘a,  afi  and  aGa  will  be 
of  the  same  magnitude. 

The  minimum  4 required  for  the  above  situation  is 


pmin 


°B  <Vn>  -i 

S ~S  *B  *V  6Xp  (_AEB/kT) 

B 


(A-61) 


10 


-5 


1.8x10 


rjg-  1/4  x 4.8  x 2 x 10 


15  T3/2  ex/-^5  . \ 

\0.86  x 10 
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12 

For  T ■ 10*K,  ♦llin  a 104  photons /cm 2 sec.  And  for  T ■ 15*K,  ♦>in  “ 10 


photons/cm2  sec.  At  4°K,  the  required  flux  is  many  orders  of  nagnitude  smaller 
than  that  for  10*K. 

For  the  conditions  under  which  the  spectral  response  data  were  taken 
(10®  < ♦ < 10^®  photons/cm2) , p can  be  deduced  from  Eq  (A33) , i.e.» 


aGaNGa 


"d 


(A-62) 


so  that 


NGa  “ ND 


(A-63) 


and 


■S  “B  ND 


nb  ’ “g.  ng. 


(A- 64) 


Thus,  both  the  boron  and  gallium  impurities  are  only  slightly  ionized.  The 
detector  under  these  conditions  will  show  a response  peak  proportional  to  the 
boron  concentration. 
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